Temperature and Mortality in New York City: Past, Present and Future by Petkova, Elisaveta P.
  
Temperature and Mortality in New York City: 
Past, Present and Future 






Submitted in partial fulfillment of the  
requirements for the degree of  
Doctor of Public Health  
at the Department of Environmental Health Sciences 
in the Mailman School of Public Health  
  
 
   



























TABLE OF CONTENTS…………………………………………………………………………i 
ACKNOWLEDGEMETS ......................................................................................................... iii 
I PREFACE.......................................................................................................................... iv 
II BACKGROUND .................................................................................................................1 
II.1 Characterizing Historical Heat-Related Mortality ..........................................................1 
II.1.1 Definitions of Heat-Related Mortality ....................................................................1 
II.1.2 Exposure Metrics ...................................................................................................1 
II.1.3 Heat-Wave vs. Heat-Related Mortality ...................................................................2 
II.1.4 Vulnerability Factors..............................................................................................3 
II.1.5 Study Designs ........................................................................................................4 
II.1.6 Previous Studies.....................................................................................................4 
II.2 Projecting Future Heat-Related Mortality ......................................................................8 
II.2.1 Approach and Challenges .......................................................................................8 
II.2.2 Global Circulation Models and Temperature Projections ...................................... 13 
II.2.3 Heat Adaptation ................................................................................................... 13 
II.2.4 Population Change ............................................................................................... 15 
II.2.5 Previous Studies................................................................................................... 15 
II.3 References .................................................................................................................. 26 
III RESEARCH AIMS ............................................................................................................ 37 
IV CHAPTER I Heat and Mortality in New York City since the Beginning of the 20th 
Century…. ................................................................................................................................ 40 
IV.1 Abstract ...................................................................................................................... 40 
IV.2 Introduction ................................................................................................................ 41 
IV.3 Materials and Methods ................................................................................................ 44 
IV.3.1 Mortality Data, 1900-1948 ................................................................................... 44 
IV.3.2 Mortality Data, 1973-2006 ................................................................................... 45 
IV.3.3 Temperature Data ................................................................................................ 45 
IV.3.4 Analysis of temperature-mortality relationships ................................................... 46 
IV.4 Results ........................................................................................................................ 47 
IV.5 Discussion................................................................................................................... 54 
ii 
 
IV.6 Conclusions ................................................................................................................ 57 
IV.7 Supplemental Material ................................................................................................ 58 
IV.8 References .................................................................................................................. 74 
V CHAPTER II   Heat and Mortality in the U.S. Urban Northeast  ........................................ 79 
V.1 Abstract ...................................................................................................................... 79 
V.2 Introduction ................................................................................................................ 80 
V.3 Materials and Methods ................................................................................................ 81 
V.4 Results ........................................................................................................................ 86 
V.5 Discussion................................................................................................................... 92 
V.6 Conclusions ................................................................................................................ 95 
V.7 Supplemental Material ................................................................................................ 97 
V.8 References ................................................................................................................ 105 
VI CHAPTER III   Projecting Future Heat-Related Mortality in New York City  .................. 111 
VI.1 Abstract .................................................................................................................... 111 
VI.2 Introduction .............................................................................................................. 112 
VI.3 Materials and Methods .............................................................................................. 114 
VI.3.1 Temperature and Mortality Data ........................................................................ 114 
VI.3.2 Historical heat-mortality relationships ................................................................ 114 
VI.3.3 Temperature Projections .................................................................................... 115 
VI.3.4 Population Projections ....................................................................................... 115 
VI.3.5 Projected heat-mortality relationships ................................................................ 116 
VI.3.6 Projected heat-related deaths .............................................................................. 118 
VI.4 Results ...................................................................................................................... 119 
VI.5 Discussion................................................................................................................. 125 
VI.6 Supplemental Material .............................................................................................. 128 
VI.7 References ................................................................................................................ 134 






My doctoral studies and dissertation wouldn’t have been possible without the continuous support 
and encouragements from my advisor and dissertation committee, departmental faculty and 
research collaborators, as well as my family and friends. I regret that I am unable to acknowledge 
individually everyone who has helped me on this journey.  
First of all, I am deeply grateful to Professor Patrick Kinney, who supervised my dissertation 
work, for his guidance, patience and support and for providing me with tremendous freedom to 
pursue my research interests. His brilliance, vast knowledge and perseverance will always be a 
source of inspiration for me.  I also sincerely appreciate the opportunity to have been able to 
draw upon the expertise and wisdom of Joseph Graziano, Cynthia Rosenzweig, Kim Knowlton 
and Kazuhiko Ito who served on my dissertation committee and provided valuable feedback to 
my work. I am also tremendously grateful to the study collaborators who made this work 
possible: Antonio Gasparrini from the London School of Hygiene and Tropical Medicine, 
Radley Horton and Daniel Bader from the Center for Climate Systems Research at Columbia 
University and Jan Vink and Joe Francis from the Program on Applied Demographics at Cornell 
University.  I also thank Joel Schwartz and Antonella Zanobetti from the Harvard School of 
Public Health for providing daily mortality data for New York City, Boston and Philadelphia, as 
well as John Martino from the Genealogy Federation of Long Island for providing historical 
daily mortality data for New York City.  
My studies and dissertation research wouldn’t have been possible without the generous support 
from the Consortium for Climate Risk in the Urban Northeast (award NA10OAR4310212 from 
the NOAA RISA program) and the Center for Environmental Health in Northern Manhattan 
(grant P30 ES09089 from the NIEHS). I am also particularly thankful to Greg Freyer who played 
an instrumental role in making it possible for me to come to Columbia, has helped me gain 
valuable teaching experience, and has provided advice and encouragement in difficult moments. 
Finally, I most grateful to my parents, Lyudmila and Plamen who have raised me with the values 
and courage to believe that no dream is out of reach with hard work and dedication and to Hristo, 
my partner, soul mate and best friend, without whose unconditional love and support I couldn’t 




The complex interplay between climate change, demographics and socioeconomic conditions is 
transforming the global environmental health landscape. In the aftermath of recent heat waves 
around the world, especially the 2003 heat wave in Europe, heat is being recognized as an 
emerging public health issue worldwide, particularly in urban areas. 
This work explores the historical and future heat-related mortality in New York City, from the 
beginning of the 20th until the end of the 21st century. New York City is among the largest cities 
in the world and has been a thriving metropolis over the entire period covered by this study. The 
unique makeup of the city makes it particularly suitable for studying the impacts of heat over an 
extended period of time. The presented work encompasses multiple domains of knowledge and 
illustrates the necessity for applying highly interdisciplinary approaches in addressing the 
emerging challenges of our time.  
The background chapter provides an overview of methodological approaches and findings from 
previous studies with direct relevance to the specific aims of this work. Chapter I is focused on 
characterizing the impacts of heat on daily mortality since 1900. Here, heat effects are presented 
in a historical context and changes over time are analyzed and discussed. Chapter II provides a 
comparative assessment of recent historical and heat impacts until 2100 in New York City, 
Boston and Philadelphia. This analysis illustrates the differences and similarities between heat 
impacts in New York City and the other two major urban areas in the U.S. Northeast. Chapter III 
provides a more comprehensive assessment of future heat-related mortality in New York City 
under a number of adaptation, climate change and demographic scenarios. The concluding 
chapter presents a summary of findings and recommendations for future research. 
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II BACKGROUND  
II.1 Characterizing Historical Heat-Related Mortality  
II.1.1 Definitions of Heat-Related Mortality  
Estimates of heat-related mortality depend on the underlying definition of heat-related deaths. 
Two different approaches are commonly employed to estimate excess mortality due to heat – a 
very conservative approach that only takes into consideration deaths that have been listed as 
heat-related (or due to hyperthermia) on death certificates, and a more comprehensive approach 
that estimates  the total burden of heat-related mortality based on deaths for specific or all 
causes. According to the criteria established by the National Association of Medical Examiners, 
hyperthermia is diagnosed when core body temperature exceeds 105˚F (40.6˚C) or when there is 
evidence of high environmental temperature prior to death (Donoghue et al. 1997). However, 
since clinical and autopsy findings of hyperthermia are nonspecific (Nixdorf-Miller et al. 2006), 
deaths are often misclassified. Thus, the conservative estimate of deaths directly attributable to 
extreme heat is likely to significantly underestimate the actual effect size and is rarely utilized in 
studies. Therefore, this, as other previous studies (II.1.5) defines heat-related mortality as excess 
all-cause mortality.  
II.1.2 Exposure Metrics 
Previous studies have used various exposure metrics to quantify the effects of temperature on 
mortality. Most studies have used daily mean, minimum or maximum temperature or composite 
indices of temperature, humidity and/or other variables. For example, two of the most commonly 
used indices, the Heat Index or apparent temperature and the Humidex, combine temperature and 
humidity. Other exposure metrics such as the Temporal Synoptic Index and Spatial Synoptic 
Indexbased are based on the Synoptic Climatological Classification (Kalkstein et al.1996) and 
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include measures of wind speed, barometric pressure, cloud cover and others. In a recent study 
assessing the predictive ability of various exposure metrics, including mean, minimum and 
maximum temperature, as well as apparent temperature and the Humidex, Barnett and colleagues 
(2010) concluded that all of the metrics were highly correlated and none of them had a better 
predictive ability. Thus, the authors concluded that choice of en exposure metric should be based 
on practical considerations such as data availability. In an analysis of heat-related mortality in 
New York City, various exposure metrics were also found to perform similarly as predictors of 
heat-related mortality (Metzger et al. 2010). 
II.1.3 Heat-Wave vs. Heat-Related Mortality  
The impacts of heat on mortality can be assessed in the context of specific heat wave episodes or 
by analyzing the relationship between elevated temperatures and mortality over long periods of 
time. Studies utilizing the first approach assess the impacts of temperature on mortality during 
particularly severe heat waves, and compare those data to periods of normal temperatures.  This 
has been used for example to quantify the impact of the European heat wave of 2003 (Le Tertre 
et al. 2006), as well as the 1993 heat wave in Philadelphia (Mirchandani et al. 1996)  and the 
1995 heat wave in Chicago (Semenza et al. 1996, Whitman et al. 1997). Early studies of heat-
related impacts in New York City have also focused on specific health wave episodes (Marmor 
1975, Ellis and Nelson 1978).  Anderson et al. (2011) examined mortality risk during heat waves 
in 43 U.S. cities between 1987 and 2005 and found that mortality increased 3.74% during heat 
wave days compared to non-heat wave days nationally. The second approach involves regression 
analysis of long records of daily deaths vs. temperature in a city.  The goal here is to fit an 
exposure-response function that can be used to quantify the excess mortality that occurs above 
arbitrarily chosen threshold temperatures.  This approach has two advantages. First, it provides a 
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comprehensive assessment of the heat-mortality relationship at a particular location that allows 
characterizing possible changes over time. Second, the derived heat-mortality response functions 
can be used in estimating potential future impacts of heat under different climate change 
scenarios. This was the approach of choice in this work due to its focus on long term historical 
and future heat-related mortality. Details on the methods used are provided in Chapters I-III.  
II.1.4 Vulnerability Factors 
In western societies, including the United States, the elderly population aged 65 and over is most 
vulnerable to heat-related mortality (Medina-Ramón et al. 2006, Baccini et al. 2008, Basu et al. 
2002, 2008, 2009). However, Basu and colleagues (2008) reported that children and infants may 
also be at increased risk.  Increased susceptibility among children under 15 has been reported in 
Mexico (O'Neil et al. 2005a), Brazil (Gouveia et al. 2003) and other countries (Xu et al. 2012). 
Pre-existing medical conditions such as diabetes, cardiovascular, respiratory or mental conditions 
have also been found to increase susceptibility to heat (Schwartz 2005, Medina-Ramón et al. 
2006, Baccini et al. 2008, Schifano et al. 2009, Hajat et al. 2010).  Some studies have reported 
female gender (Bell et al. 2008, Basu et al. 2008) as well as non-white race (Swartz 2005, O’Neil 
et al. 2005b, Medina-Ramón et al. 2006, Basu et al. 2008) to be risk factors. In addition, people 
living in social isolation, deprivation and/or poverty may also be more vulnerable (Semenza et al. 
1999, O’Neil et al. 2003, Vandentorren et al. 2006). Air conditioning prevalence has been found 
to be among the most critical risk factors for heat-induced mortality (O’Neil et al. 2005b, 
Medina-Ramón et al. 2007).  One study found that black households were almost half less likely 
than white household to have central air conditioning, and at the same time heat was more 
strongly associated with deaths among blacks compared to whites (O’Neil et al. 2005b).  
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II.1.5 Study Designs  
Time series and case-crossover study designs are most commonly used in the assessment of the 
impacts of heat on mortality. In time series analysis, the association between daily deaths counts, 
used as the outcome measure and daily measurements of the temperature exposure metric of 
choice, is assessed over long periods of time. Smooth functions of time, and sometimes weather 
variables, are used to control for confounding. The case-crossover design,  initially introduced in 
the 1990s (Maclure 1991), was subsequently developed further and gained popularity in air 
pollution and temperature epidemiology  (Schwartz 2004, Stafoggia et al. 2006, 2008, Bell et al. 
2008). In case-crossover studies, exposure during a case event is compared with the exposure 
during selected control periods before or after the case event. Studies comparing the use of time 
series and case-crossover study designs in assessing temperature-related mortality concluded that 
both result in comparable estimates (Basu et al. 2005,   Zanobetti and Schwartz 2008). In a 
review ambient temperature and mortality studies published since 2001, Basu (2009) concluded 
that temperature has an independent effect on mortality and that the confounding effects of air 
pollutants are relatively small.  
II.1.6 Previous Studies  
II.1.6.1 North America  
Curriero and colleagues (2002) examined the temperature-mortality relationships in 11 cities in 
eastern U.S. between 1973–1994, finding a more pronounced effect of cold temperatures in the 
cities located more south and a more pronounced effect of warmer temperatures in the cities 
located more north. The paper calculated minimum mortality temperatures as well as hot and 
cold slopes for each city.  Of the 11 cities, Baltimore, MD had the highest hot slope (6.56) 
followed by New York (6.28), Philadelphia (6.1) and Boston (5.83). The lowest hot slope of 1.43 
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was reported in Tampa, FL. Basu et al. 2008 examined summer temperature-mortality nine 
California counties between 1999 and 2003 and a 2.3% increase in mortality for every 10˚C 
increase in temperature. In a study of temperature and cardiorespiratory mortality among the 
elderly in the 20 largest U.S. metropolitan areas, Basu et al. 2005 found the strongest 
associations in the summer. The study estimated the increase in risk of cardiorespiratory 
mortality associated with an increase of 10°F. For the U.S. Northeast, an odds ratio of 1.08 
(0.92-1.26) was reported. Anderson and Bell (2009) examined the temperature-mortality 
relationships in 107 U.S. communities between 1987 and 2000 and found that heat, defined as 
the 99th vs. the 90th percentiles of community-specific temperatures was associated with an 
overall increase of 3.0%  in mortality risk. 
 A couple of studies have examined heat-mortality relationships in Canadian cities. Kolb et al. 
2007 examined the associating between weather and daily mortality among individuals aged 65 
or older diagnosed with congestive heart failure in Montreal between 1984 and 1993. The study 
found a substantial heat effect about a threshold of 25 ˚C  reported an odds ratio of 1.2 for 25-
30˚C maximum temperature.  In Toronto, Smoyer-Tomic et al. 2001 reported increased mortality 
in individuals older than 65 with increasing humidex and apparent temperature between 1980 
and 1996. In Montreal, a temperature increase from the 75 to the 99th percentile was associated 
with a by 28.4% increase in non-accidental mortality between 1984 and 2007 (Goldberg et al. 
2011) 
II.1.6.2 Europe 
Baccini and colleagues (2008, 2011) characterized the summer heat-mortality relationships 
between 1900 and 2000 and quantified the mortality burden attributable to heat in 15 European 
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cities: Athens, Barcelona, Budapest, Dublin, Helsinki, Ljubljana, London, Milan, Paris, Prague, 
Rome, Stockholm, Turin, Valencia and Zurich. The city-specific heat-mortality curves were 
found to have a V shape, with heat effect thresholds varying by city (Baccini et al. 2008). In the 
second study, the authors reported elevated summer mortality due to heat in all cities except 
Dublin. The largest impacts were estimated among individuals 75 years of age or older and in 
two continental (Paris and Budapest) and three Mediterranean (Barcelona, Rome and Valencia) 
cities (Baccini et al 2011).  
Pattenden et al. (2003) evaluated the temperature-mortality relationships for London, U.K. as 
well as Sofia, Bulgaria over two four year periods. The study reported a mortality increase of 
1.9% (1.4 to 2.4) in London and 3.5% (2.2 to 4.8) in Sofia per 1˚C rise above the 95th centile of 
the two day mean temperature. Hajat et al. 2002 reported an increase of 3.34% per 1˚C above the 
97th percentile for London. In Dublin, Ireland, a study that examined data from 1980 to 1996 
reported a 0.4% increase in total mortality for each 1˚C increase in temperature, with most 
immediate effects on cardiovascular mortality (Goodman et al. 2004). A study of summer heat-
related mortality in 10 regions in England and Wales between 1993 and 2006 reported   a 2.1% 
average linear increase per 1°C above the location-specific thresholds (Gasparrini et al 2012). 
Michelozzi et al. 2006 evaluated geographical and temporal variations in the heat-related 
mortality in four Italian cities: Bologna, Milano, Roma, and Torino. Heat impacts varied by city 
and time period.  The reported heat effect per 1˚C above the city-specific threshold was highest 
in Roma, followed by Milano, Torino and Bologna. Another study (Stafoggia et al. 2006) has 
also investigated the effects of heat on mortality in the same four cities with focus on 
demographic characteristics, socioeconomic and health status. The study reported an overall 
odds ratio of 1.34 (1.27-1.42) at 30˚C relative to 20˚C.   
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II.1.6.3 Other Locations 
Bell and colleagues (2008) investigated heat-related mortality in Mexico City, Mexico, Sao 
Paulo, Brazil and Santiago, Chile between 1998 and 2002. Individuals 65 years of age or older 
were most susceptible and experienced a mortality risk increase of 3.22% for Mexico City, 
6.51% for Sao Paulo and 2.69% for Santiago. The temperature effect was estimated for the 95th 
compared to the 75th temperature percentiles (Bell et al. 2008). In another international study, 
McMichael and colleagues examined the effects of temperature on mortality in Delhi, 
Monterrey, Mexico City, Chiang Mai, Bangkok, Salvador, Sao Paulo, Santiago, Cape Town, 
Ljubljana, Bucharest and Sofia.  The study found heat effects in all populations except Chiang 
Mai and Cape Town with heat thresholds being higher in cities with warmer climates. A high 
heat threshold of 27.5˚C was observed in Beirut, Lebanon where every 1˚C rise above this 
threshold resulted in a 12.3% increase in mortality (El-Zein et al. 2004). Heat thresholds between 
27 and 29.7˚C were also observed across 6 Korean cities.  An increase of 1˚C above the city-
specific thresholds in Seoul, Daegu, Incheon, and Gwangju were associated with 16.3, 7.01 and 
6.73 increase in daily mortality, respectively. A heat effect was also observed in Christchurch, 
New Zealand (Hales et al. 2000) where each 1˚C increase above the third quartile of maximum 
temperature was associated with a 1% increase in all-cause mortality and a 3% increase in 
respiratory mortality. The population of Sydney and especially women and the elderly, was also 
found to be vulnerable to heat (Vaneckova et al. 2008). Heat effects were, however, less 
pronounced compared to some U.S. and European cities, according to the study.  
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II.2 Projecting Future Heat-Related Mortality  
II.2.1 Approach and Challenges 
Projecting future heat-related mortality is a complex task. A common approach involves 
characterizing location-specific heat-mortality relationships that are subsequently applied to 
downscaled climate projections for the future period of interest. Assumptions at each stage of 
this process impact future projections. For instance, the choice of emission scenarios and climate 
models can result in substantial variability in the future mortality estimates.  Assumptions about 
population change and heat adaptation can also play a critical role in long term projections. This 
section provides an overview of the Special Report on Emissions Scenarios, Representative 
Concentration Pathways (RCPs) published in the Intergovernmental Panel on Climate Change 
Fifth Assessment Report, and temperature projections. Population change and heat adaptation, as 
they relate to projecting future heat-related mortality, are also discussed.  
II.2.1.1 Emission Scenarios and Representative Concentration Pathways (RCPs) 
Emission scenarios are utilized in climate research in order to characterize how future 
greenhouse gas emissions may vary depending on various socio-economic, environmental and 
technological parameters. Emissions scenarios do not represent future predictions and none of 
them is more likely than another. Rather, based on expert consensus, they represent various 
plausible future emissions depending on underlying societal factors. Emission scenarios are 
developed on a long term scale in order to capture the response of the climate system to changes 
in greenhouse gas concentrations and allow sufficient time for possible socio-economic, 
environmental and technological changes to take place (Moss et al. 2010).  
The IPCC has developed several sets of scenarios since IPCC’s First Assessment Report (IPCC 
1990), including the six IPCC scenarios, IS92a to f, developed in 1992 (Leggett et al. 1992) and 
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published in the 1992 Supplementary Report to the IPCC Assessment. In 2007, IPCC has 
published a Special Report on Emissions Scenarios (SRES) where four ‘families’ of scenarios 
(A1, A2, B1, and B2) were developed to characterize possible future developments in the global 
environment that could result in different greenhouse gas emission levels (Nakicenovic, N. et al. 
2000). According the these scenarios, future levels of greenhouse gas emissions depend on a 
complex mix of driving forces including socio-economic development, demographic change, 
political conditions and the rate of adoption of new technologies (Figure I.1). For example, the 
A2 scenario assumes a highly heterogeneous world, characterized by continuous population 
growth,   regionalization, uneven per capita economic growth, slow technological change and a 
focus on wealth generation. The B1 scenario, on the other hand assumes a more homogenous 
world with global population that starts declining after reaching a peak at mid-century. In B1, the 
world economy is characterized by reduced material intensity, rapid technological change and a 
focus on sustainability and equity. Global average temperature is projected to increase by around 
3.4˚C under the A2 scenario and 1.7˚C under the B1 scenario. 
The IPCC emission scenarios have proved to be valuable in climate modeling, impact 
assessment, adaptation and mitigation. For example, previous studies have used a high (A2) and 
a low (B1) emission scenario to derive an upper and lower bound for future heat-related 
mortality in New York City (Knowlton et al. 2007, Li et al. 2013). The improvements in the 
scenario’s methodology and, the introduction of multiple storylines and baseline scenarios, in 
particular, has enhanced the credibility of the scenarios published in the SRES Report (Girod et 
al. 2009).  
 







Figure I.1 SRES storylines. Adapted from Nakicenovic, N. et al. 2000  
Until the Fifth Assessment Report, emissions scenarios were developed as a part of a sequence 
starting with consideration of socio-economic factors (Moss et al. 2010). Next, emissions 
scenarios were utilized in projecting future atmospheric greenhouse gas concentration and future 
changes in climate based on various General Circulation Models (GCMs). Finally, these 
scenarios were used in impact assessment studies (Figure I.2). Due to the multiple stages and 
scientific communities involved, the process was cumbersome and time consuming. A new, 
parallel approach was developed for Fifth Assessment Report in order to allow a more efficient 
collaboration across research communities and lead to faster advances in climate research (Moss 
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Figure I.2 Sequential vs. Parallel Approach to Scenario Development. Adapted from Moss et al. 
2010 
As a part of this approach, four Representative Concentration Pathways (RCPs) (van Vuuren et 
al. 2011) are developed at the onset. The four RCPs represent four different radiative forcing 
scenarios, RCP2.6, RCP4.5, RCP6, and RCP8.5, corresponding to +2.6, +4.5, +6.0, and +8.5 
W/m2, respectively (Table I.1 ).The RCPs along with the model used to derive them are 
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“Rising radiative forcing pathway 
leading to 8.5 W/m2 in 2100” 
Riahi et al. 2007, 2010 
Rao & Riahi 2006 
RCP6 
“Stabilization without overshoot 
pathway to 6 W/m2 at stabilization 
after 2100” 
Fujino et al. 2006 
Hijioka et al. 2008 
Masio et al. 2011 
RCP4.5 
“Stabilization without overshoot 
pathway to 4.5 W/m2 at stabilization 
after 2100” 
Smith and Wigley 2006 
Clarke et al. 2007 
Wise et al. 2009 
Thomson et al. 2011 
RCP2.6 
“Peak in radiative forcing at ~ 3 
W/m2 before 2100 and decline” 
van Vuuren et al. 2006, 2007, 
2011b 
Table I.1 Representative Concentration Pathways (RCPs) published in the Intergovernmental 
Panel on Climate Change Fifth Assessment Report. 
Using the four RCPs, socio-economic and climate scenarios are being developed in parallel by 
various research groups (Figure I.2). In contrast with the previous approach, the new underlying 
assumption is that RCPs can be achieved through a wide range of socio-economic, 
environmental and technological pathways. This flexibility allows the exploration of various 
combinations of factors, including the potential impacts of specific climate change mitigation 
and adaptation policies.  Thus, in addition to improved efficiency, the new approach is aimed at 
fostering interdisciplinary collaborations and developing even more comprehensive emissions 
scenarios.  
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II.2.2 Global Circulation Models and Temperature Projections  
Global Circulation Models (GCMs) are the most advanced tool for global climate system 
simulation. Nonetheless, their resolution is quite coarse, usually 150-400 km by 150-500 km. 
Downscaling, or generating finer spatial scale data from GCMs, can be useful for developing 
locally relevant temperature projections that can be used in assessing future temperature-
mortality impacts. There are two general approaches to model downscaling: dynamical and 
statistical. Dynamical downscaling is a computation-intensive process in which a regional 
climate model, driven by GCM boundary conditions, is used to generate finer-scale data.  In 
statistical downscaling, large scale climate variables are statistically related to regional climate 
and the established relationships are used to simulate regional climate according to GCMs 
outputs.  
Statistically downscaled mean temperature projections for Boston, Philadelphia and New York 
from 33 GCMs used in the Intergovernmental Panel on Climate Change (IPCC)’s Fifth 
Assessment Report (AR5), in conjunction with RCP 4.5 and RCP 8.5 were used in this work. 
Details are provided in Chapters II and III.  
II.2.3 Heat Adaptation 
Populations have the capacity to gradually adapt to high temperatures as demonstrated by several 
studies (Davis et al. 2003, Carson et al. 2006). Adaptation measures can be classified based on 
the timing, goal and motive of their implementation. Broadly, adaptation can be classified as 
planned or autonomous depending on whether it results from reactive or anticipatory actions 
(IPCC 2007).  
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Heat adaptation is a complex process that may involve physiological, behavioral and 
technological components.  Technological advances such as the introduction of heat warnings 
and the increased prevalence of air conditioning are likely to play a critical role in the process.  
Increased awareness of in heat impacts on mortality and morbidity has led to the introduction of 
heat warning nationwide and in major urban areas. The National Weather Service (NWS) local 
offices issue heat advisories and excessive heat warnings since the summer of 1993.  Until 2003, 
these alerts were based on the same heat index (HI) thresholds for the entire country. In 2003, 
thresholds were slightly adjusted to account for regional differences. Excessive heat warnings 
and advisories are currently issued using the Heat Index (HI), based on Steadman’s models 
(Steadman 1979, Steadman 1984). The NWS offices in Boston, New York City and Philadelphia 
make the decisions about issuing heat warnings, watches and advisories and may specify local 
heat advisory and warning criteria. In the Northeast, a heat advisory is currently issued when the 
heat index is projected to reach 100 to 104°F for any length of time or 95 to 99°F for 2 or more 
consecutive days. Heat warnings are issued when the heat index is forecasted to exceed 105°F 
for minimum 2 consecutive hours. 
A couple of studies have attempted to evaluate the effectiveness of heat warnings in preventing 
heat-related mortality. Ebi et al. (2004) performed a cost-benefit analysis of the utilization if the 
Philadelphia HHWS between 1995 and 1998. The paper explored the statistical relationship 
between excess mortality among people 65 years of age or older and various heat wave and 
weather variables and concluded heat warnings saved 2.6 lives per day on average or a total of 
117 lives during the studied period. Alberini et al. (2008) assessed the effect of NWS heat 
warnings on excess mortality in 86 counties in the 50 major metropolitan statistical areas using 
data from 1985 to 2005. Heat warnings were found to be most effective in the Midwest, 
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Northeast and the Mid-Atlantic and not effective in the South, probably due to adaptation to local 
climate conditions. Although an evaluation of the effectiveness of heat warnings on heat-related 
mortality is beyond the scope of this study, this is an important factor to consider. 
Previous studies have also demonstrated that air conditioning use is among the most important 
modifiers of the heat-mortality relationship but estimates vary significantly. Detailed data on air 
conditioning use is unfortunately not available.  
Several previous studies focused on assessing future heat-related mortality have incorporated 
models of heat adaptation in the derived projections. These studies are discussed in II.2.5. 
II.2.4 Population Change 
Many recent studies have indicated that the elderly may me most susceptible to the impacts of 
heat. At the same time, individuals aged 65 or older constitute the fastest growing segment of the 
U.S. population according to the U.S. Census Bureau.  Due to the demographic shift towards the 
elderly, a growing segment of the population may be at risk to the impacts of heat, leading to 
possible increases in heat-related mortality. Since city-specific population projections are rarely 
available beyond several decades into the future, many studies have assumed no demographic 
changes while projecting future heat-related mortality.  Previous studies that have incorporated 
population projections in their estimates of future heat-related mortality are discussed in II.2.5. 
II.2.5 Previous Studies 
A brief summary of studies that have projected future heat-related mortality is presented in Table 
I.2. The majority of these studies concluded that climate change will result in an increase of heat-
related mortality. A few studies that focused on quantifying both heat- and cold- related 
mortality found that the increases in heat-related mortality may be offset by decreases in cold-
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related mortality in some cities (Guest 1999, Martens 1998). Net decreases, however, are more 
likely to be the case in cities currently experiencing higher burden of cold-related mortality 
(Martens 1998) which is not the case in the U.S. urban Northeast. For example, the most recent 
study by Li and colleagues (2013) projected substantial increases of net annual temperature-
related mortality in New York City across a wide range of climate models and scenarios.  In 
addition, although quantifying net annual temperature-related mortality is without a doubt of 
great importance, findings cannot easily translate into policy actions because measures to reduce 
cold- and heat-related mortality take place separately. This work focuses on heat-related 
mortality because it has been recognized as an issue of critical importance in New York, Boston 
and Philadelphia and relevant research is necessary to support heat adaptation strategies in the 
region.  
As discussed in II.2.3 and II.2.4, acclimatization and population change will potentially play a 
crucial role in shaping the future burden of heat-related mortality. Given the challenges involved 
with modeling both factors, only half of the studies in Table I.2 have included adaptation 
scenarios and only five have considered population change.  
Studies that have included adaptation scenarios have been utilized several approaches in 
modeling heat adaptation. One approach is to use temperature-mortality curves from ‘analogue 
cities’ that currently have climates similar to those projected at a location of interest (Kalkstein 
and Greene 1997; Knowlton et al. 2007). Similarly, the hottest ‘analogue summers’ from the 
same location have been used by Hayhoe and colleagues (2004) by applying their temperature-
mortality curves to future periods.  Another approach to modeling adaptation is to develop 
scenarios for acclimatization to specific increases in temperatures over time (Gosling et al.2009, 
Dessai et al.; Kalkstein et al 1997).   A weakness of these approaches is that adaptation is not 
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modeled using long term historical data from the same location.  This issue is discussed further 
in Chapter III, where we propose a heat adaptation model for New York City based on historical 
data and illustrate its application in projecting future heat-related deaths.  
Since future population data is not readily available, most previous studies have assumed no 
population change. Some of the studies have used population projections available until 2025 
(Jackson et al.2010) or 2030 (Guest 1999) but assumed constant population beyond that. Dessai 
and colleagues (2003) have adopted a more comprehensive approach by applying the population 
growth rates from the corresponding SRES storylines (A1, A2, B1 and B2) to the 1990 
population in deriving estimates of heat-related mortality in Lisbon until 2100. In this study, we 
collaborate with the Cornell program on Applied Demographics to develop population change 
scenarios for New York City until 2100 and use them in projecting heat-related deaths among the 
elderly (Chapter III). The novel approach to modeling adaptation and developing population 
scenarios for New York City demonstrated in Chapter III can be further developed and applied 
for other cities.  
Only three of the identified studies published to date have utilized multiple GCMs (Peng et al. 
2011, Ostro et al. 2012, Li et al. 2013), while most other studies have focused on up to four.  
Given the substantial variation in the temperature projections depending of the choice of GCMs, 
the use of multiple models allows a more comprehensive assessment of potential mortality 
impacts. Here we utilize projections from 33 different GCMs in order to derive a wider range of 
estimates for future heat-related mortality. In addition, we haven’t been able to locate studies 
quantifying heat related impacts under the new RCPs. In this work, we utilize the next-
generation climate models and RCPs in order to provide a timely assessment of heat-related 
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III RESEARCH AIMS  




III.1.1. Analyze historic heat- related mortality and in New York City, from 1900 to 1948 and from 
1973 to 2006 
III.1.2. Investigate if the heat-mortality response has changed over time during the two time periods 
III.1.3. Provide a quantitative assessment on whether adaptation to heat has occurred in New York 
City since the beginning of the century  
New York has experienced remarkable social and technological changes since the beginning of the 
20th century, and, as a result the population’s sensitivity to heat could have changed considerably 
over time. We hypothesize that there has been a gradual adaptation to heat, and consequently a 
decrease in heat-related mortality since the beginning of the century due to various factors, including 
but not limited to: improved housing conditions, access to ice and cold liquids as well as the 
introduction and increased use of air conditioning. To test this hypothesis, this study examines daily 
temperature and mortality data during two periods spanning more than a century in New York City: 
a historical period between 1900 and 1948 and a more recent period between 1973 and 2006. We 
investigate how the heat-mortality response has changed over time in both periods and discuss of the 
observed adaptation patterns and the possible implications of our findings for projecting future 
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III.2 Provide an assessment of historical and future heat-mortality in New York City 
compared to Boston and Philadelphia, 2020s?2100s 
III.2.1. Analyze historic heat- related mortality and in New York City, Boston and Philadelphia from 
1985 to 2006 
III.2.2. Apply the exposure-response relationships between daily temperature and daily mortality 
developed in III.1. to downscaled temperature projections up to the year 2100  under selected CGMs 
and RCPs.  
III.2.3. Provide an analysis of future heat- related mortality and in New York City, Boston and 
Philadelphia, 2020s-2100s 
New York City, Boston and Philadelphia represent the largest population agglomeration in the 
country and among the largest in the world. This study aims to characterize the future heat-related 
mortality impacts in the region as a whole and compare the projected impacts of heat in New York 
City to these in Boston and Philadelphia. We hypothesize that climate change will result in increased 
heat-related mortality across the three cities but that they would be most pronounced in Boston 
where summers are the coolest followed by New York City and finally Philadelphia, where summers 
are the hottest overall. We test our hypothesis by first characterizing the summer heat-mortality 
relationships in each city and then applying an ensemble of daily temperature projections based on 
two RCPs and 33 GSMs to calculating future heat-related mortality. Due to data limitations, this 
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III.3 Quantify future heat-related mortality impacts for New York City 
III.3.1. Based on the findings in I., define a baseline period most appropriate for modeling future 
heat-related mortality and characterize the heat-mortality relationship for New York City during the 
selected period. 
III.3.2. Develop adaptation, population and climate change scenarios to utilize in developing 
estimates of future heat-related mortality impacts 
III.3.3. Apply the heat-mortality relationship between daily temperature and daily mortality 
developed in III.3.1.to downscaled temperature projections during the 2020s, 2050s and 2080s 
under the adaptation, population and climate change scenarios identified in III.3.2  
This study builds upon findings in I. to develop projections of heat-related mortality in New York 
City until the 2100. We hypothesize that the future heat-related mortality impacts in New York City 
will be influenced by three key factors: the demographic characteristics of the population, its 
sensitivity to heat impacts and the  greenhouse gas concentrations in the atmosphere.  To 
characterize the possible impacts of these factors, we develop numerous adaptation, population and 
climate change scenarios in collaboration with experts in demographic and climate change modeling. 
The next-generation climate models and Representative Concentration Pathways (RCPs) developed 
for the Intergovernmental Panel on Climate Change (IPCC)’s Fifth Assessment Report (AR5) are 
utilized the analyses. The adaptation, population and climate change scenarios together with the 
heat-mortality relationship model for New York City are used to calculate a range of possible heat-
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IV.1 Abstract 
Heat is recognized as one of the deadliest weather-related phenomena. Although the impact of high 
temperatures on mortality has been a subject of extensive study, few previous studies have assessed 
the impact of population adaptation to heat.  This study examines adaptation patterns by examining 
daily temperature and mortality data spanning more than a century in New York City. To our 
knowledge, this is the first study to examine daily temperature effects over such a long period in the 
United States using modern statistical methods.  Using a distributed lag non-linear model, the study 
analyzes the heat/mortality relationship in adults age 15 or older in New York City during two 
periods:  1900 to 1948 and 1973 to 2006, in order to quantify population adaptation to high 
temperatures over time.  During the first half of the century, decade-specific relative risk at 29 ˚C vs. 
22 ˚C ranged from 1.30 (1.25 to 1.36) in the 1910s to 1.43 (1.37 to 1.49) in the 1900s. Since the 
1970s, however, there was a gradual and substantial decline in the relative risk, from 1.26 (1.22 to 
1.29) in the 1970s to 1.09 (1.05 to 1.12) in the 2000s. Age-specific analyses indicate a greater risk 
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for the elderly in the first part of the century, while a more homogeneous and consistently decreasing 
risk is suggested in the second period. Our analyses reveal that, although rapid adaptation to heat has 
occurred between 1973 and 2006, no such adaptation is evident in the historical period between 1900 
and 1948. These findings may have important implications for projecting future mortality impacts of 
climate change. 
IV.2 Introduction 
Heat-related mortality has become a research topic of increasing importance as a result of rising 
concerns about potential increases in average temperature - as well as temperature extremes - due to 
climate change. Since the early 2000s, and particularly after the 2003 European heatwave 
(Bouchama et al. 2004, Fouillet et al. 2006, La Tertre et al. 2006), multiple studies have been carried 
out in various locations to characterize temperature effects (Anderson et al. 2009, Basu et al. 2005, 
Braga et al. 2002, Curriero et al. 2002, Davis et al. 2003, Medina-Ramon et al. 2006). These studies 
identified J- or U-shaped temperature-mortality relationships, depending on the location. Some 
studies have limited the analysis to the summer months in order to characterize heat effects.   
In a literature review of recent epidemiologic studies, Basu (2009) concluded that temperature has an 
independent effect on mortality and that the confounding effects of particulate matter and ozone are 
relatively small. Heat extremes have also been associated with increases in hospitalizations and 
emergency room visits ( Jones et al. 1982, Semenza et al. 1999, Knowlton et al. 2009, Green et al. 
2010). Very young or old age, pre-existing medical conditions, social isolation and poverty are the 
leading risk factors for heat-induced morbidity and mortality ( Kovats et al. 2008, Rey et al. 2009, 
Vandentorren et al. 2006). In western societies, including the United States, the elderly population 
aged 65 and over is most vulnerable to heat-related mortality (Basu et al. 2005, Kovats et al. 2006, 
Whitman et al. 1997). 
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Since daily mortality data are rarely available before the 1960s, most of the studies to date have 
analyzed temperature effects over relatively short periods of time. A better understanding of 
historical impact of temperature on mortality may provide valuable insights about future population 
adaptation to high temperatures and improve the accuracy in projecting heat-related deaths. Carson 
and colleagues (2006) have previously reported declining temperature impacts on cold- and heat- 
related mortality in London, United Kingdom in the course of the 20th century. The study, however, 
utilized weekly mortality data, making comparisons to study findings from more recent time periods 
challenging. Ekamper and colleagues (2009) analyzed 150 years of daily temperature-related 
mortality in the Netherlands in 25 year increments and reported a reduction in the heat effect since 
the 1930-1954 period. A recent study by Åström and colleagues (2013) of 110 years of daily 
mortality and temperature data in Stockholm County, Sweden found a declining trend in heat-related 
mortality over time. Interestingly, the observed declining trend has plateaued in recent decades.  
In the United States, population adaptation to heat over long periods of time has not been thoroughly 
investigated. In this study, we address this issue by characterizing the summer relationship between 
daily temperature and mortality since 1900 in New York City.  New York City is particularly 
susceptible to the effects of high temperatures due to the substantial heat island effect, as well as its 
large population, including many vulnerable individuals (Kinney et al. 2008). Heat has been 
recognized as a public health hazard in New York City for over a century.  In 1896, after a 
prolonged heat wave, over 1500 people were reported to have died in the city (Kohn 2010). Dating 
back to this time are some of the earliest city efforts to prevent the impacts of heat, particularly 
among vulnerable populations. During the 1896 heat wave, Theodore Roosevelt, a mayoral 
candidate at the time, championed the idea of distributing free ice to the poorest communities of 
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New York City (Kohn 2010). Today, the city has implemented numerous comprehensive city level 
measures during heat wave episodes, such as heat warning systems and cooling centers.   
Although numerous studies have focused on temperature-related mortality in the city to date, long 
term trends in heat adaptation are yet to be well understood. The study of weather-related 
phenomena on daily mortality in New York City was pioneered by Ellworth Huntington in the 
beginning of last century. In “Civilization and Climate”, Huntington hypothesized that there are 
physiologically optimal climatic conditions, such as  temperature and humidity and that maintaining 
these conditions may have influence on morbidity and mortality (Huntington 1915). In a subsequent 
analysis of daily mortality data for New York City data between 1882 and 1888, Ellworth 
Huntington and Margaret Justin found that mortality increased rapidly with increasing temperature 
above 63˚F (Justin 1923, Huntington 1930).  
Mortality impacts of high temperatures in New York City did not become a subject of rigorous study 
until the 1970s. At this time, several studies investigated the possible impact of air conditioning on 
reducing heat wave mortality across the United States. Marmor (1975) investigated ratios of 
predicted to observed heat-wave mortality during 12 summers between 1949 and 1970 in New York 
City. This period was selected for the study because air conditioning ownership in the city had 
increased from virtually non-existent in 1949 to 13.5% in 1960 and 37.5% in 1970. The study 
reported decreasing excess mortality during early summer heat waves but no similar change in 
excess mortality during heat waves occurring later in the summer (Marmor 1975). 
Davis and colleagues (2003) examined decadal changes in summer weather- mortality relationships 
for 28 U.S. cities between 1964 and 1998 and found an overall decline in mortality on hot and humid 
days. For New York City, the mortality increase above an apparent temperature threshold of 30˚C, 
was greater in the 1960s and 1970s compared to the 1990s (Davis et al. 2003). However, in a study 
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of year round weather- related mortality in eastern U.S. cities, including New York City by Curriero 
and colleagues (2002), the relationship between weather and mortality from 1973 to 1994 was found 
to be quantitatively similar to that for four shorter periods within the same time frame. Comparison 
of findings across studies is challenging due to the utilization of different modeling approaches. 
To our knowledge, this is the first study that provides an analysis of the impact of daily heat and heat 
waves in any large U.S. city over a period spanning a century. We first present a historical analysis 
of the heat- mortality relationship in New York City between 1900 and 1948 and compare it to that 
of a more recent period, between 1973 and 2006. Next, we investigate how the heat-mortality 
response has changed over time in both periods, reflecting possible population adaptation. We 
conclude with a discussion of probable underlying mechanisms of adaptation to heat and New York 
City during the studied period and implications for modeling future impacts of high temperatures on 
mortality.    
IV.3 Materials and Methods 
IV.3.1 Mortality Data, 1900-1948  
Death records prior to 1949 are stored at the New York City Department of Records and Information 
Services. Death records for later years are stored at the New York City Department of Health and 
Mental Hygiene and were not directly accessible. Death indexes including each documented death in 
all New York City boroughs (Bronx, Brooklyn, Manhattan, Queens, Kings and Richmond) from 
1900 to 1948, were scanned by the Genealogy Federation of Long Island. Permission to scan these 
records was obtained from Commissioner Brian Anderson. All scanned records were entered into an 
electronic spreadsheet and subsequently proof read and edited to ensure accuracy. Each individual 
record contains day, month, year, borough and age at death.  All records were merged and converted 
into a database where each of the fields is stored in a consistent format. Where possible, age 
information recorded in various formats in the original death certificate (e.g. 50 ½ years, ¾ months, 
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stillborn) was converted into integers rounded to the lower value.  Records containing ambiguous 
information such as unrealistic numeric values for date or age, and spelling errors such as extra 
symbols or spaces, were eliminated. Records containing missing values were also eliminated. 
Altogether, eliminated records constituted less than 0.5% of the total.  
Annual numbers of deaths were compared to the numbers published in the New York City 
Department of Health’s annual Summary of Vital Statistics reports. Annual data after 1936 was 
available from the New York City Department of Health’s website . Annual data prior to 1936 was 
obtained directly from the Bureau of Vital Statistics (Supplemental Material, Table IV.S1). Annual 
calculated number of deaths was between 0.02% and 4.94 % (median 0.95%) higher than those 
reported. The number of deaths that have occurred during well documented events such as the PS 
General Slocum fire of June 15, 1904, the Triangle Fire of March 25, 1911 and the 1918 Flu 
epidemics are consistent with reported data.  
IV.3.2 Mortality Data, 1973-2006 
Daily multiple-cause-of-death mortality data for 1973-2006 were obtained in collaboration with Dr. 
Joel Schwartz and colleagues at Harvard University School of Public Health from the U.S. National 
Center for Health Statistics. The dataset contains daily death counts for all New York City counties:  
New York County, Kings County, Queens County and Richmond County for New York.  
IV.3.3 Temperature Data 
Daily temperature data between 1973 onwards for the New York Central Park were obtained from 
the National Climatic Data Center (NCDC) station. Daily temperature data before 1949, also for 
New York Central Park, was obtained from the United States Historical Climatology Network. 
There were five missing records in the data prior to 1949 that were substituted with the averages of 
the previous and following day temperatures.  
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IV.3.4 Analysis of temperature-mortality relationships 
We characterized the temperature-mortality relationships for each period using the distributed lag 
non-linear model (DLNM) module in R (Gasparrini 2011). Distributed lag non-linear models allow a 
simultaneous characterization of the non-linear and lagged effects of temperature on mortality 
(Armstrong 2006, Gasparrini et al. 2010). The temperature mortality analysis was restricted to the 
summer months (June to September) because the cause of death was not available in our data, and 
we were unable to account for influenza deaths during the winter months.   We limited the analysis 
to adults (15 years or older) and derived models using the total number of deaths as well as for three 
age groups: 15-44, 45-64 and over 65. Note that life expectancy was relatively short at the beginning 
of the century and the number of deaths in the over 75 and over 85 age groups was very small. The 
data were analyzed by decade: 1900-1909 (1900s), 1910-1919 (1910s), 1920-1929 (1920s), 1930-
1939 (1930s), 1940-1948 (1940s), 1973-1979 (1970s), 1980-1989 (1980s), 1990-1999 (1990s) and 
2000-2006 (2000s). 
We developed the decadal models using mean daily temperature and 22 ˚C (corresponding to 
approximately the 80th percentile of annual temperature) as a reference temperature for calculating 
relative risk.  The models were fitted using a quadratic spline with 4 degrees of freedom (two equally 
spaced knots) for temperature, a natural spline with 4 degrees of freedom for the lag, and controlling 
for seasonal and day of week effects.  Quadratic splines have the advantage of not being constrained 
at the boundaries and thus are flexible enough to capture mortality effects at the highest temperatures 
(Gasparrini et al. 2011). Lag durations between 3 and 10 days were tested in order to explore 
possible changes in the lag structure over time and a lag of 5 days was selected for the main model.  
We also tested models with both quadratic and natural cubic splines and found that the Akaike’s 
Information Criterion for quasi-Poisson (Q-AIC) was consistently lower for models with quadratic 
splines. In sensitivity analyses, we fitted models with quadratic splines ranging from 4 to 6 degrees 
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of freedom for the temperature and from 3 to 5 degrees of freedom for the lag. This amount of 
smoothing is considered enough to capture the underlying non-linear relationship. We controlled for 
seasonal cycles using a natural spline with 2 degrees of freedom per year, and for within summer 
seasonal variation using a natural spline with 4 degrees of freedom for day in year (Hajat et al. 2006, 
Gasparrini et al. 2011). The decadal cumulative relative risk estimates at 29˚C, corresponding to 
approximately the 99th percentile of mean daily temperature, were chosen as a marker of the heat 
effect. To test for the difference in the effect of heat on mortality over time, we carried out univariate 
random-effects meta regression estimated by restricted maximum likelihood (REML) (Van 
Houwelingen 2002). 
IV.4 Results  
Summary temperature and statistics and population data (Gibson 1998, U.S. Census 2000) for New 
York City during the time periods included in this study are presented in Table IV.1 and Figure IV.1, 
respectively.  
Previous studies have reported that the seasonality of mortality has changed substantially over time. 
In Japan, for example, the mortality peak has flipped in the course of a century from the summer to 
the winter months (Sakamoto-Momiyama 1977). We did not observe a similar transition in New 
York City. We found that the seasonality of mortality in New York City was similar for each decade 
since the 1900s (Supplementary Figure IV.S2) but that the mortality peak occurred between January 
and April in the beginning of the century and between December and March in recent years 
(Supplementary Figure IV.S3).  The gradual change in the seasonal effect is controlled for in our 
analysis by the use of different models in each decade, each of which can flexibly control for 
seasonal effects on mortality. 
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Table IV.1 Temperature and population statistics for New York City by decade, 1900s-2000s 



















1900s 11.9 25 26.4 29.2 3,437,202 
1910s 11.7 24.2 25.8 28.7 4,766,883 
1920s 11.8 23.9 25.6 28.3 5,620,048 
1930s 12.5 25 26.4 28.9 6,930,446 
1940s
i
 12.3 25 26.4 29.2 7,454,995 
1970s
ii
 12.6 25 26.7 29 7,894,862 
1980s 12.9 25.3 27.2 29.7 7,071,639 
1990s 13.2 25.3 26.7 29.4 7,322,564 
2000s
iii
 13 25 26.7 29.6 8,008,278 
i.The 1940s include data from 1940 to 1948; ii. The 1970s include data from 1973-1979; iii. The 2000s include data from 
2000 to 2006. 
The non-linear distributed lag models showed a similar relationship between temperature and 
mortality for all of the periods. Decadal temperature-mortality curves of overall cumulative risk are 
presented on Figure IV.2. The heat effect, however, was much more pronounced in the first five 
decades. For the last four decades, the temperature effect was substantially higher in the 1970s and 
diminished during the next three decades. The lag structure (Figure IV.3.) also changed over time. 
During the first half of the century, we observed a partial mortality displacement effect immediately 
after the substantial increase in mortality in the first two days following heat exposure. The effect 
was particularly pronounced during the 1910s. Nonetheless, the heat effect was only partially 
compensated for by the mortality displacement. Decade-specific temperature-mortality curves and 
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Figure IV.2 Temperature – mortality curves of overall cumulative relative risk for New York City by 
decade, 1900s -2000s. Calculated using a distributed lag non-linear model with a quadratic spline 
with 4 degrees of freedom for the temperature and a natural cubic spline with 4 degrees of freedom 
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Figure IV.3 Lagged relative risks at 29°C relative to 22°C by decade, 1900s-2000s. Calculated using 
a distributed lag non-linear model with a quadratic spline with 4 degrees of freedom for the 
temperature and a natural cubic spline with 4 degrees of freedom for the lag. 
 
To summarize the change in the temperature effect over time, we plotted cumulative relative risk 
estimates at 29˚C, corresponding to approximately the 99th percentile of mean daily temperature 




52 | P a g e  
 
Figure IV.4 Overall cumulative relative risk at 29°C relative to 22°C on mortality in New York City 
by decade, 1900s-2000s. Calculated using a distributed lag non-linear model with a quadratic spline 
with 4 degrees of freedom for the temperature and a natural cubic spline with 4 degrees of freedom 
for the lag.  
 
 
As the plot illustrates, there was no evidence of adaptation during the first half of the century. 
Relative risks fluctuated between 1.30 (1.25 to 1.36) in the 1910s to 1.43 (1.37 to 1.49) in the 1900s 
during this period. The random-effects meta-regression including a binary indicator for period as 
meta-predictor indicates a strong evidence for a difference between the first and the second part of 
the century. Predicted average relative risks were 1.38 (95%CI:1.31 to 1.44) for the period between 
1900-1948 and 1.15 (95%CI:1.09 to 1.2) for 1973-2006 (p-value <0.001).  Since the 1970s, there 
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The random-effects meta-regression including a linear term for decade predicts a decrease of 4.6% 
(95%CI: 2.4%-6.7%) per decade (p-value <0.001). 
Results from the age-specific analyses are presented in Table IV.2. During the first part of the 
century, the temperature effect was most substantial for the elderly. More homogeneous and 
consistently decreasing risk is indicated in the second part of the century. 
 
Table IV.2 Age-specific overall cumulative relative risk of death at 29˚C relative to 22°C in adults 
(age 15 or older) in New York City by decade, 1900s-2000s. Calculated using a distributed lag non-
linear model with a quadratic spline with 4 degrees of freedom for the temperature and a natural 
cubic spline with 4 degrees of freedom for the lag. 
 Total (95%CI) 15-44 (95%CI) 45-64 (95%CI) Over 65 (95%CI) 
1900s 1.43 (1.37, 1.49) 1.33 (1.26, 1.40) 1.48 (1.39, 1.58) 1.57 (1.46, 1.68) 
1910s 1.30 (1.25, 1.36) 1.25 (1.17, 1.33) 1.24 (1.17, 1.32) 1.48 (1.38, 1.58) 
1920s 1.39 (1.34, 1.45) 1.24 (1.16, 1.33) 1.32 (1.24, 1.40) 1.64 (1.53, 1.77) 
1930s 1.36 (1.32, 1.41) 1.26 (1.18, 1.33) 1.34 (1.28, 1.41) 1.45 (1.38, 1.52) 
1940s 1.39 (1.35, 1.44) 1.23 (1.15, 1.31) 1.30 (1.24, 1.35) 1.52 (1.46, 1.59) 
1970s 1.26 (1.22, 1.29) 1.10 (0.99, 1.22) 1.17 (1.11, 1.24) 1.30 (1.26, 1.35) 
1980s 1.15 (1.12, 1.17) 1.20 (1.11, 1.29) 1.07 (1.02, 1.12) 1.17 (1.14, 1.20) 
1990s 1.11 (1.09, 1.14) 1.12 (1.04, 1.21) 1.10 (1.04, 1.16) 1.11 (1.08, 1.15) 
2000s 1.09 (1.05, 1.12) 1.07 (0.94, 1.23) 1.07 (0.99, 1.15) 1.09 (1.05, 1.13) 
 
Age–specific temperature-mortality curves and lag structures are displayed in the Supplementary 
Figures IV.S6 – S11. Results from the sensitivity analysis for the temperature effect along with 
Akaike’s Information Criterion for quasi-Poisson (Q-AIC) values for each alternative model are 
presented in the Supplementary Material, Tables IV.S2 and IV.S3, respectively. Estimates were 
robust to alternative modeling choices, except for the 1900s. The differences across models for this 
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decade are due to the 1901 heat wave, the deadliest heat wave that occurred in New York City since 
the beginning of the study period.   
IV.5 Discussion  
The issue of heat-related mortality has taken on increasing relevance in recent years as a result of 
rising concerns about potential increases in average temperature - as well as temperature extremes - 
due to climate change. Our analysis of daily mortality in New York between 1900 and 1948 and 
1973 and 2006 provides important insights about the summer temperature-mortality response since 
the beginning of the 20th century.  
Using non-linear distributed lag models to characterize the overall relationship between temperature 
and mortality during the five decades between 1900 and 1948 and the four decades between 1973 
and 2006, we observed more pronounced heat effects in the first five decades, compared to the 
second four. Clearly, many factors may underlie the substantial heat effect in the first half of the 20th 
century. For example, housing conditions, particularly in the lowest income, immigrant communities 
were particularly poor in the beginning of the century. During this period, a substantial part of the 
new immigrants to the United States settled in tenement buildings, or multifamily dwellings with 
one or two rooms. Many of the tenements did not have windows which may have enhanced the death 
toll in such communities during hot days. Although the Tenement House Act, which required 
tenements to meet basic sanitary and health standards, was passed in 1867, few improvements were 
introduced until the 1920s. Many tenements were not replaced with modern buildings until several 
decades later.   In addition, access to ice and cold liquids, which were among the primary means for 
alleviating the heat stress at the time, was likely limited in the early part of the century. For instance, 
commercial refrigerators were not introduced until the 1915 and didn’t become common until the 
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1930s. Nonetheless, despite technological and lifestyle improvements during the first part of the 20th 
century, the population sensitivity to heat did not decline.  
It seems plausible to hypothesize that the observed adaptation to heat in the second part of the 
century may be largely due to increased use of air conditioning. By the 1970s, the heat effect has 
already started to decline gradually as air conditioning prevalence was increasing.  Individual room 
and central air conditioning did not become mainstream until the 1950s and the 1970s, respectively. 
In 1970, only 39% of households surveyed in the NYC metropolitan area had air conditioning, and 
less than 4% of them had central air conditioning (U.S. Census Bureau 1978).   By 2003, 84% of 
surveyed households had air conditioning and 16% of them had central air conditioning (U.S. 
Census Bureau 2004). Together, these findings suggest that access to comfortable indoor 
environments, particularly during the hottest days may be the most important factor in the declining 
heat-related mortality since the 1970s. The introduction in more recent years of heat warning 
systems and, subsequently, cooling centers may also have contributed to decreasing vulnerability. As 
discussed previously, adaptation can be classified as planned or autonomous depending on whether it 
results from reactive or anticipatory actions. Thus, it can be argued that the adaptation process was 
autonomous before introducing measures aimed at reducing heat-related mortality and has an 
autonomous component since the introduction of such measures. 
As expected, the temperature effect was most substantial in the over 65 age group during most of the 
investigated periods. Temperature effects have declined substantially since the beginning of the 
century in all age groups and the decline was particularly pronounced in individuals age 65 or older. 
It is possible the substantial decrease in sensitivity to heat among the elderly is due to the 
improvement of overall health status on one hand and a greater awareness of the risks exposure to 
high temperatures presents, on the other.  
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Another interesting finding is the change we observed in the lag structure of the temperature effect 
over time. The mortality displacement effect that has occurred immediately after the substantial 
increase in mortality during the first couple of days after exposure in the early part of the century 
may indicate more deaths among the most susceptible individuals, which would have been likely to 
seek but did not have access to any form of relief from the heat.   
The study has several important limitations. We were unable to adjust for any measure of air 
pollution due to lack of data on particulate matter, ozone or other pollutants for the entire study 
period. In addition, since we did not have information on the underlying causes of death, we were 
unable to investigate how changing disease patterns, such as the substantial decline in cardiovascular 
mortality, could have influenced the observed trend in heat-related mortality.  
This work has several important implications for projecting future mortality impacts of climate 
change. First, given the downward trend in the heat-mortality relationship in recent decades it may 
be inappropriate to use historical relationships to project future mortality impacts of climate change. 
For example, since the calculated relative risk at 29˚C decreased  by 4.6% (95%CI: 2.4%-6.7%) per 
decade during the second part of the century, using the relative estimates from the 1970s to project 
mortality in the 2000s, could have led to substantially overestimating present heat impacts.  A recent 
review found that half of the studies that have projected heat-related mortality under various climate 
change scenarios have based projections on historical relationships without considered any heat 
adaptation scenarios (Huang et al. 2011). Models for future mortality should take into account 
assumptions about changing risks that relate to adaptation processes including increasing air 
conditioner prevalence23.  Second, despite the diminished sensitivity to heat over time, the 
temperature-mortality curves for New York City have maintained a similar shape throughout the 
century. This should be taken into account when considering the use of analogous cities to project 
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future temperature impacts. Finally, mortality data from earlier years, particularly during heat wave 
episodes, may be useful in projecting possible impacts of heat in the event of future power outages 
or natural disasters during which the population may lose access to air conditioning for extended 
periods.  
IV.6 Conclusions 
We examined the relationship between summer daily temperature and mortality since the beginning 
of the 20th century. Heat effects were more pronounced in the first five decades, compared to the 
second four. In addition, despite the substantial technological and lifestyle improvements that took 
place in New York City during the first part of the 20th century, there was no decline in the 
population sensitivity to heat. However, a substantial decrease of the heat effect, indicating possible 
population adaptation to heat, took place since the 1970s.   
We also found evidence of a short term mortality displacement in the first part of the century. 
Nonetheless, the substantial heat effects during this period were only partially compensated for by 
the mortality displacement.  
To our knowledge, this study was the first to examine daily temperature effects in any large U.S. city 
over a period spanning more than a century, using modern statistical methods. Our findings can 
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IV.7 Supplemental Material 
Table  IV.S1 Annual deaths a) reported in the Summary of Vital Statistics for NYC and b) calculated 
from daily mortality data used in this study. 




Difference, % of reported 
1898 66294 66473 0.27 
1899 65343 65623 0.43 
1900 70872 71356 0.68 
1901 70980 70993 0.02 
1902 68132 68361 0.34 
1903 67864 68252 0.57 
1904 78060 78388 0.42 
1905 73714 74317 0.82 
1906 76203 76746 0.71 
1907 79205 79651 0.56 
1908 73072 73575 0.69 
1909 74375 74557 0.24 
1910 76742 77714 1.27 
1911 75423 75934 0.68 
1912 73013 73311 0.41 
1913 70902 74408 4.94 
1914 74803 75755 1.27 
1915 76193 78210 2.65 
1916 78307 78873 0.72 
1917 78575 78802 0.29 
1918 98119 98904 0.80 
1919 74433 75534 1.48 
1920 73249 74831 2.16 
1921 64257 65802 2.40 
1922 69690 71466 2.55 
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1923 69452 71514 2.97 
1924 71252 73250 2.80 
1925 71914 73098 1.65 
1926 76082 77157 1.41 
1927 70430 71073 0.91 
1928 78091 79387 1.66 
1929 77482 79245 2.28 
1930 74888 77077 2.92 
1931 77418 78619 1.55 
1932 74319 75345 1.38 
1933 75153 76174 1.36 
1934 75857 76927 1.41 
1935 75057 76064 1.34 
1936 77638 77996 0.46 
1937 77465 77716 0.32 
1938 73775 74033 0.35 
1939 75439 75762 0.43 
1940 76008 76576 0.75 
1941 74553 75174 0.83 
1942 75675 76363 0.91 
1943 83174 83971 0.96 
1944 78783 79528 0.95 
1945 79726 80620 1.12 
1946 78481 79477 1.27 
1947 80733 82680 2.41 
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Figure IV.S2 Monthly Mortality (number of deaths) per year for each decade. Years 1918, 1919 and 
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Figure IV.S6 Temperature – mortality curves of overall cumulative risk for New York City by 
decade, 1900s -2000s for the 15-44 age group. Calculated using a distributed lag non-linear 
model with a quadratic spline with 4 degrees of freedom for the temperature and a natural cubic 
spline with 4 degrees of freedom for the lag and 22°C (corresponding to approximately the 80th 
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Figure IV.S7 Lag-mortality curve associated with 29°C (corresponding to approximate the 99th 
percentile of annual temperature) relative to 22°C (corresponding to approximately the 80th 
percentile of annual temperature) on mortality in New York City by decade, 1900s-2000s for the 
15-44 age group. Calculated using a distributed lag non-linear model with a quadratic spline with 
4 degrees of freedom for the temperature and a natural cubic spline with 4 degrees of freedom 
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Figure IV.S8 Temperature – mortality curves of overall cumulative risk for New York City by 
decade, 1900s -2000s, for the 45-64 age group. Calculated using a distributed lag non-linear 
model with a quadratic spline with 4 degrees of freedom for the temperature and a natural cubic 
spline with 4 degrees of freedom for the lag and 22°C (corresponding to approximately the 80th 




69 | P a g e  
 
Figure IV.S9 Lag-mortality curve associated with 29°C (corresponding to approximate the 99th 
percentile of annual temperature) relative to 22°C (corresponding to approximately the 80th 
percentile of annual temperature) on mortality in New York City by decade, 1900s-2000s, for the 
45-64 age group. Calculated using a distributed lag non-linear model with a quadratic spline with 
4 degrees of freedom for the temperature and a natural cubic spline with 4 degrees of freedom 
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Figure IV.S10 Temperature – mortality curves of overall cumulative risk for New York City by 
decade, 1900s -2000s, for the over 65 age group. Calculated using a distributed lag non-linear 
model with a quadratic spline with 4 degrees of freedom for the temperature and a natural cubic 
spline with 4 degrees of freedom for the lag and 22°C (corresponding to approximately the 80th 
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Figure IV.S11 Lag-mortality curve associated with 29°C (corresponding to approximate the 99th 
percentile of annual temperature) relative to 22°C (corresponding to approximately the 80th 
percentile of annual temperature) on mortality in New York City by decade, 1900s-2000s, for the 
over 65 age group. Calculated using a distributed lag non-linear model with a quadratic spline 
with 4 degrees of freedom for the temperature and a natural cubic spline with 4 degrees of 
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V.1 Abstract  
Increased heat-related mortality is projected to be among the major impacts of climate change on 
human health, and the United States urban Northeast region is likely to be particularly 
vulnerable. In support of regional adaptation planning, quantitative information is needed on 
potential future health responses at the urban and regional scales. Here, we present future 
projections of heat-related mortality in Boston, New York and Philadelphia utilizing downscaled 
next-generation climate models and Representative Concentration Pathways (RCPs) developed 
in support of the Intergovernmental Panel on Climate Change (IPCC)’s Fifth Assessment Report 
(AR5). Our analyses reveal that heat-related mortality rates per 100,000 of population during the 
baseline period between 1985 and 2006 were highest in Philadelphia followed by New York City 
and Boston. However, projected heat-related mortality rates in the 2020s, 2050s and 2080s were 
highest in New York City followed by Philadelphia and Boston. This study may be of value in 
developing strategies for reducing the future impacts of heat and building climate change 
resilience in the urban Northeast region. 
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V.2 Introduction 
Heat-related mortality is among the largest and most quantifiable of the expected impacts of 
climate change on human health (Confalonieri et al. 2007). Urban areas are particularly 
susceptible to the effects of heat due to the heat island effect, as well as large populations of 
vulnerable individuals (Kinney et al. 2008). The Northeastern U.S. urban corridor of New York 
City, Philadelphia and Boston is the largest population agglomeration in the country and among 
the largest in the World. Since the beginning of the 20th century, New York, Boston and 
Philadelphia have been experiencing a warming of 0.18, 0.15, and 0.13 degrees Celsius (°C) per 
decade, respectively. Prior studies have projected that average temperatures will increase by  
3 to 5 Celsius (°C), by the last decades of the current century (Hayhoe et al. 2007, Horton et al. 
2010), together with an approximate doubling or tripling of the number of hot days each summer 
(Hayhoe et al. 2008, Horton et al. 2011). 
The Consortium for Climate Risk in the Urban Northeast (CCRUN) was created in 2010 under 
NOAA’s Regional Integrated Sciences and Assessments (RISA) Program with the mission to 
assist stakeholders from various sectors including health, in assessing and managing climate change 
impacts (Rosenzweig et al. 2011). The impacts of climate change, and heat in particular, on 
health in the urban Northeast have become an issue of growing public concern in recent years 
(NYSERDA  2010, Frumhoff et al. 2007). With its current focus on Boston, New York and 
Philadelphia, one of CCRUN’s primary health-related objectives is to derive a comparative 
assessment of projected heat-related mortality across the three cities, in order to support decision 
maker efforts to reduce heat-related vulnerability. 
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Various studies to date have provided assessments of the potential future impacts of heat, 
projecting substantial increases in heat-related mortality due to climate change (Peng et al. 2011, 
Dessai et al. 2003, Gosling et al. 2009, Knowlton et al. 2007, Hayhoe et al. 2004, , Hayhoe et al. 
2010, Jackson et al. 2010, Kalkstein et al. 1997, Li et al. 2013, Ostro et al. 2012, Baccini et al. 
2011, Sheridan et al. 2012). While some previous studies have investigated future heat-related 
mortality in Boston, Philadelphia and New York City (Gosling et al. 2009, Knowlton et al. 2007, 
Kalkstein et al. 1997, Li et al. 2013), the utilization of different metrics and methodologies 
makes comparing assessments across cities challenging. In addition, the impacts of climate 
change on heat-related mortality under the next-generation Intergovernmental Panel on Climate 
Change (IPCC)’s Fifth Assessment Report (AR5) models (Taylor et al. 2011) and Representative 
Concentration Pathways (RCPs) (Moss et al. 2010) are yet to be investigated in any of the cities 
of interest. 
In this paper, we present the first estimates of heat-related mortality in Boston, New York City 
and Philadelphia based on downscaling of the new coupled global climate models and two of the 
Representative Concentration Pathways (RCPs), RCP4.5 and RCP8.5. We start by characterizing 
the heat-mortality relationships in each city based on 22 years of historical daily temperature and 
mortality data. Next, we present mortality projections based on the downscaled temperature 
projections.  Heat-related mortality rates are used as the outcome measure. Finally, we calculate 
future heat-related deaths and mortality rates based on the ensemble of temperature projections. 
V.3  Materials and Methods  
We started by characterizing the summer heat-mortality relationships between observed daily 
mortality and mean temperature data in each city. The summer season was defined as the months 
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of May, June, July, August and September. Daily all-cause mortality data for Boston, New York 
and Philadelphia from 1985 to 2006 were obtained in collaboration with Dr. Joel Schwartz and 
colleagues at Harvard University School of Public from the U.S. National Center for Health 
Statistics (CDC 2013). The following counties were included in the city-specific mortality data: 
Suffolk County, MA for Boston, New York County, NY, Kings County, NY, Queens County, 
NY, Bronx, NY and Richmond County, NY for New York City and Pennsylvania County, PA 
for Philadelphia.  
Daily mean temperature data for the same period for each city were obtained from the U.S. 
National Climatic Data Center (NOAA 2013). Temperature monitoring stations are located in 
New York Central Park for New York City, Boston Logan International Airport for Boston, and 
Philadelphia International Airport for Philadelphia. While New York Central Park is located in 
midtown Manhattan, the Boston Logan International Airport and Philadelphia International 
Airport are located about 3 and 10 miles from the respective city centers, respectively.  
The distributed lag non-linear module in R (Gasparrini et al. 2011a) was used to model the 
summer heat-mortality relationships. Models for each city were developed using natural cubic 
splines with four degrees of freedom for the temperature and the lag. We also fitted models with 
splines ranging from three to five degrees of freedom for the temperature and from three to five 
degrees of freedom for the lag and found that findings were robust to modeling parameters. We 
tested models with lags between one and seven days and found that lag duration of four days was 
sufficient to capture fully the heat effect in each location. Based on previous studies published in 
the literature (Gasparrini et al. 2011b, Hajat et al. 2006), we used two splines to control for 
seasonality: a natural spline with two degrees of freedom per year to control for long term 
seasonal cycles, and a natural spline with four degrees of freedom for day in year to control for 
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within summer seasonal variation. Data on ozone and particulate matter with aerodynamic 
diameter of 10 µm or less (PM10) were not included in the model since they were found to not 
substantially impact results in a previous study (Li et al. 2013). All models were developed using 
mean daily temperature and 20 °C as a reference temperature for calculating relative risk (RR) 
above 25 °C. Consistent reference temperatures and temperature thresholds as opposed to city-
specify percentiles were used in estimating temperature effects. This approach allows 
quantifying and comparing the impact of an identical temperature exposure on mortality across 
the three cities. 
Our spatial and temporal downscaling approach begins with monthly bias-corrected and spatially 
disaggregated (BCSD) climate projections at 1/8° resolution derived from the WCRP CMIP5 
multi-model data set. BCSD projections were obtained online (Maurer et al. 2007) for 33 global-
scale general circulation  models (GCMs) used  in the Intergovernmental Panel on Climate 
Change (IPCC)’s Fifth Assessment Report (AR5), and two representative concentration 
pathways (RCPs) (Moss et al. 2010). Detailed information about the 33 climate models is 
provided in Table V.S1. The new RCPs were developed for the climate modeling community as a 
basis for long-term and near-term climate modeling experiments in support of the IPCC AR5. 
RCPs, which replace the emissions scenarios (Nakicenovic et al. 2000) used in prior IPCC 
assessments, make various underlying assumptions about radiative forcing through time, which 
is dependent upon future global greenhouse gas and aerosol concentrations, as well as land use 
changes. 
For this analysis, we selected the two RCPs most used by the climate modeling community, 
RCP4.5 and RCP8.5, which represent relatively low and high greenhouse gas 
projections/radiative forcing, respectively. RCP4.5 is a scenario where greenhouse gas 
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concentrations are stabilized after 2100, due to emissions reduction prior to 2100. RCP8.5 is a 
scenario with increasing emissions over the century. Increasing emissions are associated with a 
highly energy intensive future, that features high population growth and slow development of 
green technologies such as renewable energy sources and energy efficiency (Vuuren et al. 2011). 
The monthly output from the land-based 1/8° grid box corresponding to Boston (Airport), New 
York (Central Park), and Philadelphia (Airport) was then used to create change factors for each 
calendar month based on the difference between a 30-year future average (or ‘timeslice’) for that 
calendar month and the same GCM’s 30-year baseline average for that same calendar month  
(Rosenzweig et al. 2011). We next applied the calendar-month change factors to the respective 
observed daily weather data for each of the three cities to create a future projection with the same 
statistical characteristics and sequence as the observations. Our downscaled output is a set of 66 
weather station-specific synthetic future temperature projections for daily mean temperature in 
each city from 2010 to 2099 based on three 30-year time slices, defined as the 2020s (2010 to 
2039), 2050s (2040 to 2069) the 2080s (2070 to 2099), and for a baseline period of 1971 to 2000. 
The approach described here does not explore how intra-annual and inter-annual temperature 
variability may change. By not considering sub-monthly changes in variability, we were able to 
use fine-spatial-resolution projections (as the 1/8° BCSD product is monthly, not daily). By 
applying the delta method separately for each calendar month, we do capture one component of 
possible changes in intra-annual variance, changes in the annual temperature cycle. Previous 
studies have found changes in the annual cycle to be important (Ballester et al. 2010). 
The derived temperature-specific relative risk estimates for Boston, New York City and 
Philadelphia were applied to the daily downscaled temperature projections until 2100 for each 
85 | P a g e  
 
city. Temperature curves were linearly extrapolated for temperatures up to 42 °C, the highest 
projected temperature, using the last four points of each curve. City-specific estimates of annual 
summer heat-related mortality were computed as described below. 
Our approach to calculating heat-related mortality was similar to that presented in a previous study 
(Anenberg et al. 2010). First, using the temperature-specific relative risks derived from the 
models for each city, we calculated historical heat-related attributable risk and projected heat-
related attributable risk for temperatures 25 °C and above. Daily observed temperatures were 
used in calculating the historical and daily downscaled temperature projections were used for 
calculating future heat-related attributable risks: 
??? ? ? ??? ??? , where:                                                                                                        (V.1) 
· HAR is the daily heat-related attributable risk 
· RR is the calculated relative risk at each temperature from the city-specific model 
Next, we calculated annual May–September heat-related mortality rates as follows: 
??? ?? ??? ? ??? ? ????????? ????? ?? , where:                                                                      (V.2) 
· HMR is the mean annual heat-related mortality rate for each time period 
· N is the number of years in each time period (22 for the baseline and 30 for the future 
periods) 
· i is an index for year in each time period 
· Di is the number of days in the i-th year 
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· d is an index of day in the i-th year 
· Y0 is daily mortality rate (per 100,000 population) calculated using the year 2000 
population and city-specific mortality rates for Boston, New York and Philadelphia from 
the CDC Wonder database (CDC 2013) 
We also calculated annual heat-related daily deaths: 
??? ? ???? ??????????? , where:                                                                                                   (V.3) 
· HRD is the number of annual heat-related deaths in each period 
· Pop is the population of each city using the year 2000 population data from the CDC 
Wonder database (CDC 2013) 
V.4 Results  
Temperature, population and mortality summary statistics for Boston, New York City and 
Philadelphia are presented in Table V.1. New York City is located about 190 miles from Boston 
and 80 miles from Philadelphia. The region spans the transition between the humid subtropical 
and humid continental climates.  
















Boston 689,807 795/2.18 19.6 10.9 
New York City 8,008,278 754/2.07 21.7 13 
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Philadelphia 1,517,550 1167/3.2 22.4 13.4 
1 Population and mortality rates obtained from the CDC Wonder Database [35]; 2 Includes 
data for May, June, July, August and September; 3 Temperature data obtained from the U.S. 
National Climatic Data Center [24]. 
The summer temperature-mortality relationships derived using the non-linear distributed lag 
models along with summer temperature histograms are presented in Figure  V.1a–c. The overall 
structure of the temperature-mortality relationships was similar for the three cities. Also, for all 
cities, cumulative relative risks were slightly elevated at the lowest temperatures. There was no 
difference in the lag structure across the three cities (not displayed). Nonetheless, some 
differences were also evident. First, a heat effect was observed above around 26 °C in New York 
City and Philadelphia and above 24 °C in Boston. Also, mortality risk at very high temperatures 
was substantially more pronounced in New York City compared to Boston and Philadelphia. 
Annual baseline and projected heat-related mortality rates for Boston, New York City and 
Philadelphia are presented in Figure V.2a–c and the Table V.S2. Baseline heat-related mortality 
rates were highest in Philadelphia (4.5 per 100,000) followed by New York City (3.7 per 
100,000) and Boston (2.9 per 100,000). Projected heat-related mortality rates based on the 
downscaled temperature projections were highest in New York City followed by Philadelphia 
and Boston. We first computed heat-related mortality rates for each GCM (Table V.S2) and then 
reported median values by decade and RCP. During the 2020s, median heat-related mortality 
rates calculated across all models and the RCP4.5 and RCP8.5, were 9.1 and 10 per 100,000, 
respectively, for New York City, 8 and 8.8 per 100,000 for Philadelphia and 5.9 and 6.5 per 
100,000 for Boston. In the 2050s, New York City was projected to experience median mortality 
rates of 14.3 and 18.9 per 100,000, Philadelphia of 12.2 and 16 per 100,000 for and Boston of 
8.8 and 11.7 per 100,000, for RCP4.5 and RCP8.5, respectively. By the 2080s, projected median 
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heat-related mortality rates across all models and the RCP4.5 and RCP8.5 were 17.1 and 34.3 per 
100,000 for New York City, 15.2 and 28.7 for Philadelphia, and 10.5 and 19.3 per 100,000 for 
Boston. 
Figure V.1. Temperature‒mortality curves of overall cumulative relative risk over four 
days of lag and mean summer temperature histograms for (a) Boston (b) New York City 
and (c) Philadelphia based on data between 1985 and 2006. Relative risks calculated using 
a distributed lag non-linear model with natural cubic splines with four degrees of freedom 
for the temperature and the lag and 20 °C as a reference temperature. 
 
1(a) 
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Figure V.2. Projected annual heat-related mortality rates during the 2020s, 2050s 
and 2080s for (a) Boston (b) New York City and (c) Philadelphia, during the baseline 
period (1985–2006) and according to the 33 global climate models (GCMs) and two 
Representative Concentration Pathways (RCPs), RCP4.5 and RCP8.5. Box plots 
illustrate the minimum, lower quartile, median, upper quartile and maximum values 
across the GCMs, by period and RCP. Also displayed are the annual heat-related 
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The relative increase in heat-related mortality by the end of the century was greater in New York 
City, followed by Boston and Philadelphia. By the 2080s under RCP4.5, the calculated heat-
related mortality rates represent an over three-fold increase in Philadelphia, a nearly four-fold 
increase in Boston and nearly five-fold increase in New York City. By the 2080s under RCP8.5, 
these rates represent an over six-fold increase in heat-related mortality in Philadelphia, a nearly 
seven-fold increase in Boston and over nine-fold increase in New York City.  
New York City was projected to experience the greatest increase in the number of heat-related 
deaths due to its large population, followed by Philadelphia and Boston. Heat-related deaths are 
calculated using Equation (V.3.) and the median heat-related mortality rates from Table V.S2.  
By the 2080s, the calculated mortality rates according to the RCP8.5 or RCP4.5 correspond to 
2,743 or 1,336 summer heat-related deaths annually compared to 297 during the baseline period 
for New York City, 436 or 231 summer heat-related deaths annually compared to 68 during the 
baseline period for Philadelphia, and 133 or 73 summer heat-related deaths annually compared to 
20 during the baseline period for Boston.  
 
V.5 Discussion 
Characterizing the heat-mortality relationships in Boston, New York City and Philadelphia based 
on daily temperature and mortality data in the period between 1985 and 2006 was the first step in 
our assessment of future heat-related mortality in the three cities. The similarity of the heat-
mortality curves across the three cities was not surprising given their close proximity and similar 
climates. However, the substantially higher mortality risk at very high temperatures observed in 
New York City during the baseline period compared to Boston and Philadelphia warrants further 
investigation. Based on the relative geographical location of the three cities, one might expect 
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that the heat effect would be most pronounced in Boston where summers are the coolest 
followed by New York City and finally Philadelphia, where summers are the hottest overall. 
Several factors may be contributing to the higher historical heat-related mortality observed in 
New York City. First, as the biggest of the three cities, New York City may be experiencing a 
greater urban heat island effect, resulting in substantially higher temperatures within the city’s 
neighborhoods compared to New York Central Park where the temperature monitoring station is 
located. According to the U.S. Environmental Protection Agency, temperature in cities can be up 
to 12 °C higher compared to surrounding areas (EPA 2013, Akbari 2005); one study in New 
York City found that the heat island can average 4 °C and reach up to 8 °C (Rosenzweig et al. 
2009). Lack of access or underutilization of air conditioning, particularly among the New York 
City’s most vulnerable populations may be another important factor. The elderly and those with 
pre-existing medical conditions have been found to be particularly susceptible to the impacts of 
heat (Luber et al. 2008,  Hajat et al. 2007, Vandentorren et al. 2006). Although air conditioning 
prevalence has been increasing steadily in the Northeast region, a far greater percentage of 
homes did not have air conditioning in New York, compared to Massachusetts and Pennsylvania 
according to the Residential Energy Consumption Survey (RECS) carried out by the U.S. Energy 
Information Administration (EIA). According to the survey, as of 2009, 19.4% of New York 
homes did not have air conditioning compared to 12% in Massachusetts and 6.1% in 
Pennsylvania. Further, 6.9%, 8% and 6.1% in New York, Massachusetts and Pennsylvania, 
respectively, did not use existing air conditioning equipment in their homes. Data on air 
conditioning utilization during heat events was unfortunately not available. In a recent case review 
of 26 heat-related deaths in New York City with documented air conditioning data, 88% lacked 
air conditioning at home and the remaining 12% had air conditioning that wasn’t used for 
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technical or other reasons (Wheeler et al. 2013). To prevent heat-related mortality among 
individuals with a medical conditions exacerbated by heat, New York has started providing air 
conditioning to eligible individuals through the Home Energy Assistance Program (HEAP 2013). 
After characterizing heat-related mortality in each city, we compared the city-specific baseline 
and projected heat-related mortality rates. An interesting finding of the analyses was the higher 
baseline heat-related mortality rate in Philadelphia compared to Boston and New York City.  
As described previously, heat-related mortality rates were derived by multiplying the temperature-
specific heat-related attributable risks by city-specific mortality rates per 100,000. Thus, despite 
the more pronounced heat effect at very high temperature in New York City, the baseline heat-
related mortality rate is higher in Philadelphia due to the city’s high mortality rate (Table V.1). 
Nonetheless, projected heat-related mortality rates are greatest in New York City, followed by 
Philadelphia and Boston in each of the three future periods (Figure V.2a–c). The substantial 
increase in heat-related mortality projected by our models in all of the three cities provides 
further evidence of the vulnerability to heat in the region. 
The increasing number of days with moderately and very high temperatures is a main driver of 
the future increases heat-related mortality. For New York City, the impacts of heat are further 
exacerbated by the magnitude of the mortality response at very high temperatures. Finally, the 
choice of RCP plays a substantial role in projecting future heat-related mortality, particularly in 
the second half of the century. During the 2020s, estimates derived using RCP4.5 and RCP8.5 do 
not vary greatly. By the 2080s, however, median heat-related mortality rates calculated across all 
models under RCP8.5 were near twice as high as those calculated under RCP4.5. These findings 
illustrate the health impacts associated with the difference between scenarios in which 
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greenhouse gas concentrations in the atmosphere/radiative forcing continue to increase (RCP8.5) or 
stabilize over time (RCP4.5), respectively. 
Our analysis of heat-related mortality rates across the three cities illustrates the influence and 
interplay of the various input parameters, such as temperature-specific relative risks, mortality 
rates and population in each city. Thus, assumptions about each of these inputs have important 
impacts on the interpretation of findings. Our study has several important limitations. First, we 
assumed that population in each city will remain constant at the 2000 Census level. This may 
lead to underestimation of future impacts because urbanization will likely continue in the region 
throughout the century. Similarly, we assumed constant city-specific mortality rates. Mortality 
rates may decrease in the coming decades if life expectancy continues to increase and 
improvements of the overall quality of life of the population continue to take place. We also 
assumed that the derived temperature-mortality curves will remain unchanged throughout the 
century. This may not be the case since populations are likely to acclimatize to heat over time. 
Therefore, this approach may represent an overestimation of future impacts of heat. Nonetheless, 
assuming constant temperature-specific relative risks, mortality rates and population in each city 
allowed the estimation of potential heat-related mortality impacts due to climate change in each 
city. The resulting comparative assessment of projected heat-related mortality can be of value in 
supporting decision maker efforts to reduce heat-related vulnerability in the region. 
V.6 Conclusions  
We presented an assessment of the potential impacts of climate change on heat-related mortality 
in the three largest cities of the Northeast U.S.—Boston, New York City and Philadelphia—
using the climate models and two Representative Concentration Pathways (RCPs) from the 
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Intergovernmental Panel on Climate Change (IPCC)’s Fifth Assessment Report (AR5). To our 
knowledge this is the first such study. 
We found that although heat-mortality curves across the three cities were similar, New York 
experienced a more pronounced heat effect at very high temperatures compared to Boston and 
Philadelphia. However, that heat-related mortality rates per 100,000 of population during the 
baseline period were highest in Philadelphia followed by New York City and Boston. 
Nonetheless, the projected heat-related mortality rates in the 2020s, 2050s and 2080s were 
highest in New York City, followed by Philadelphia and Boston. By the 2080s, these rates 
represent an over three-fold increase in Philadelphia, a nearly four-fold increase in Boston and 
nearly five-fold increase in New York City under RCP4.5 and an over six-fold increase in 
Philadelphia, a nearly seven-fold increase in Boston and over nine-fold increase in New York 
under RCP8.5. The presented estimates allow a comparative assessment of the potential impacts 
of climate change on heat-related mortality in the three cities that can be of value to various 
stakeholders interested in developing strategies to reduce these impacts and building climate 
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Table V.S2. Heat-related mortality rates per 100,000 population during the baseline 
period between 1985 and 2006 for Boston, New York City and Philadelphia (a) and 
projected annual heat-related mortality rates per 100,000 population during the 
2020s, 2050s and 2080s for Boston, New York City and Philadelphia according to 
the each of the 33 global climate models (GCMs) and the two Representative 
Concentration Pathways (RCPs) used in this study: (b) RCP4.5 and (c) RCP8.5. 
(a) 
Baseline (1985–2006) 
Boston NYC Philadelphia 




Boston NYC Philadelphia 
2020s 2050s 2080s 2020s 2050s 2080s 2020s 2050s 2080s 
access1-0 7.7 9.9 11.7 11.7 15.9 18.8 9.3 13.8 16.3 
access1-3 6.2 8.5 10.7 8.8 12.5 15.4 7.9 11.4 13.7 
bcc-csm1-1 5.2 7.8 9.3 8.0 14.8 14.7 7.4 13.4 13.7 
bcc-csm1-1-m 5.8 7.7 8.9 9.2 14.1 15.4 9.6 13.6 15.9 
bnu-esm 7.8 11.0 14.2 12.5 17.7 22.8 10.0 14.7 18.3 
canesm2 6.8 10.9 13.0 10.5 16.3 20.0 10.5 14.7 17.5 
ccsm4 5.5 8.1 8.2 8.3 13.1 14.6 7.6 10.7 11.6 
cesm1-bgc 5.4 8.2 8.3 9.1 15.1 15.1 7.5 11.7 11.7 
cesm1-cam5 6.6 9.5 12.2 10.3 16.1 20.0 8.9 12.3 16.5 
101 | P a g e  
 
cmcc-cm 6.6 8.8 11.3 8.8 14.4 19.1 8.0 12.6 15.8 
cnrm-cm5 4.9 7.4 9.7 7.3 11.1 15.4 6.8 9.0 12.7 
csiro-mk3-6-0 5.4 8.9 10.5 8.3 14.1 17.1 7.7 11.9 15.3 
fgoals-g2 6.6 9.9 10.8 10.4 18.0 19.4 9.3 14.1 15.2 
fio-esm 4.0 4.4 3.8 6.1 7.3 7.0 5.6 6.9 7.1 
gfdl-cm3 7.3 12.9 16.6 11.4 24.4 29.7 10.1 19.6 24.6 
gfdl-esm2g 5.0 7.0 5.8 6.4 10.5 9.0 6.3 9.4 8.8 
gfdl-esm2m 4.7 5.9 6.8 7.8 9.7 10.8 6.8 8.0 8.9 
giss-e2-r 5.2 6.4 6.5 8.1 10.1 11.4 7.3 9.5 10.3 
hadgem2-ao 9.2 14.1 15.1 12.7 20.0 24.4 10.9 16.7 20.9 
hadgem2-cc 6.8 10.9 14.6 9.6 16.9 24.3 9.1 14.3 20.0 
hadgem2-es 6.5 11.0 15.4 10.8 18.6 24.8 9.9 15.5 20.4 
inmcm4 4.2 4.8 6.1 6.1 8.0 10.1 5.7 6.9 8.8 
ipsl-cm5a-lr 6.4 9.0 11.6 9.1 15.3 18.8 7.9 12.8 15.7 
ipsl-cm5a-mr 6.4 8.9 10.3 9.3 15.9 17.5 8.5 13.2 15.6 
ipsl-cm5b-lr 5.5 8.3 10.1 8.1 13.4 15.9 7.2 11.1 12.9 
mirco-esm 6.6 11.7 13.4 10.3 18.6 22.2 8.9 15.3 17.5 
miroc-esm-
chem 
7.0 11.3 12.6 10.3 16.2 19.8 9.6 14.5 16.6 
  





Boston NYC Philadelphia 
2020s 2050s 2080s 2020s 2050s 2080s 2020s 2050s 2080s 
miroc5 5.9 9.0 9.8 9.3 14.3 16.2 8.3 12.2 13.8 
mpi-esm-lr 5.9 8.0 10.2 9.0 12.5 14.0 7.8 10.5 12.7 
mpi-esm-mr 5.7 7.3 9.6 8.1 11.6 15.7 8.1 10.6 13.8 
mri-cgcm3 4.7 7.0 6.9 6.9 10.7 10.8 6.3 9.0 10.0 
noresm1-m 6.0 8.9 11.1 9.3 13.1 17.8 8.3 11.9 15.2 
noresm1-me 5.6 8.7 11.8 8.6 14.2 19.3 7.9 12.0 15.1 




Boston NYC Philadelphia 
2020s 2050s 2080s 2020s 2050s 2080s 2020s 2050s 2080s 
access1-0 6.5 12.5 20.9 10.3 19.2 37.7 9.5 17.3 32.0 
access1-3 5.9 9.7 16.7 8.3 15.4 27.0 8.1 13.9 23.8 
bcc-csm1-1 6.6 10.8 18.2 9.9 17.3 33.2 9.5 15.6 28.7 
bcc-csm1-1-m 6.6 12.3 17.0 11.5 22.0 32.6 10.6 19.2 30.7 
bnu-esm 7.3 14.2 24.5 11.5 22.8 42.6 10.1 19.4 32.3 
canesm2 7.4 15.8 26.8 11.6 23.3 41.4 11.2 21.4 36.7 
ccsm4 5.5 10.1 16.0 9.3 15.9 30.7 8.1 14.0 23.8 
cesm1-bgc 6.3 10.1 15.9 10.0 16.4 29.1 8.2 14.4 23.4 
cesm1-cam5 6.8 12.2 19.9 10.5 20.0 37.7 9.1 16.6 29.2 
 




Boston NYC Philadelphia 
2020s 2050s 2080s 2020s 2050s 2080s 2020s 2050s 2080s 
cmcc-cm 6.5 10.1 18.2 10.0 17.3 35.3 8.8 15.4 30.7 
cnrm-cm5 5.8 10.0 16.9 8.8 16.9 27.4 7.7 14.0 22.4 
csiro-mk3-6-0 5.4 11.3 18.8 8.8 19.1 33.7 7.8 16.5 26.9 
fgoals-g2 7.1 13.6 21.0 11.2 24.9 40.6 10.0 20.0 30.5 
fio-esm 4.3 5.9 10.8 6.8 11.1 20.6 5.9 9.9 17.8 
gfdl-cm3 7.3 17.8 30.4 13.9 30.3 52.8 12.5 24.9 43.5 
gfdl-esm2g 5.6 8.6 15.4 8.7 14.3 24.6 7.7 12.2 21.6 
gfdl-esm2m 5.6 8.9 13.0 9.5 15.3 25.0 7.7 12.2 19.7 
giss-e2-r 5.6 7.8 11.8 8.5 13.4 19.9 7.3 11.8 17.2 
hadgem2-ao 6.8 15.6 28.2 9.0 22.6 42.5 9.0 17.8 35.0 
hadgem2-cc 7.3 15.7 30.6 11.0 25.2 49.0 9.3 21.5 40.1 
hadgem2-es 5.9 15.8 31.2 9.7 23.1 51.4 9.6 21.1 40.5 
inmcm4 4.2 6.3 9.2 6.1 10.1 15.2 5.5 8.9 12.7 
ipsl-cm5a-lr 6.4 12.3 22.9 9.9 20.1 40.8 8.8 17.4 32.3 
ipsl-cm5a-mr 6.5 12.2 22.0 10.2 19.9 40.8 8.8 17.7 34.6 
ipsl-cm5b-lr 6.9 11.5 19.9 10.3 18.2 34.7 8.9 15.1 27.2 
mirco-esm 8.2 14.2 25.8 13.0 23.5 43.7 10.7 19.9 33.3 
miroc-esm-
chem 
7.6 15.8 27.7 10.9 23.5 45.8 9.5 19.5 35.4 
miroc5 6.2 12.8 19.3 10.3 18.9 32.5 8.3 15.5 25.9 
mpi-esm-lr 6.8 12.7 22.0 11.4 21.1 38.2 9.2 17.1   29.8 
mpi-esm-mr 5.9 11.3 19.9 8.3 18.4 34.3 8.0 16.0 28.6 





Boston NYC Philadelphia 
2020s 2050s 2080s 2020s 2050s 2080s 2020s 2050s 2080s 
mri-cgcm3 4.9 8.5 12.6 7.9 13.3 20.3 6.4 10.9 17.3 
noresm1-m 6.0 10.8 19.0 9.3 17.7 32.5 7.9 15.0 25.5 
noresm1-me 6.7 11.7 18.7 10.4 18.2 32.7 8.5 14.7 26.1 
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VI.1 Abstract 
High temperatures have long been recognized to have substantial impacts on mortality and, with 
growing concerns about climate change, numerous studies to date have developed projections of 
future heat-related deaths around the world. Projections of temperature-related mortality are 
often limited by insufficient information necessary to formulate hypotheses about future 
demographics as well as population sensitivity to high temperatures. In this paper, we explore the 
potential future impacts of high temperatures on mortality in New York City while incorporating 
novel projections of heat adaptation and demographic change. We start by developing heat 
adaptation models that project the population response to heat until 2100 based on daily 
temperature and mortality data from 1900 to present.  We continue with developing demographic 
scenarios that characterize the possible changes in the NYC population during the study period.  
Finally, we calculate future heat-related deaths in the city by combining the developed 
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temperature-mortality relationships and population scenarios with the downscaled temperature 
projections from the 33 global climate models and two Representative Concentration Pathways 
(RCPs) developed in support of the Intergovernmental Panel on Climate Change (IPCC)’s Fifth 
Assessment Report (AR5). Projected mortality varied substantially by RCP, demographics and 
adaptation scenario, highlighting the importance of these assumptions in future projections of 
health impacts. The study findings can be of value to future work aimed at developing 
comprehensive projections of future temperature-related mortality. 
VI.2 Introduction 
High temperatures have long been recognized to have substantial impacts on mortality. With 
temperature extremes expected to increase in frequency, magnitude and duration throughout the 
21st century, especially in already susceptible regions (Meehl and Tebaldi 2004), the study of 
temperature impacts has intensified in recent years. Numerous studies have projected future heat-
related mortality due to climate change (Baccini et al. 2011; Dessai 2003; Gosling et al. 2009; 
Hayhoe et al. 2004; Hayhoe et al. 2010;  Jackson et al.2010; Knowlton et al. 2007; Ostro et al. 
2012;  Peng et al. 2011; Sheridan et al. 2012). Most of these studies have predicted substantial 
increases in heat-related mortality. Other studies have characterized the relationships between 
temperature and mortality over the full temperature spectrum at a given location in order to 
estimate current and future ‘net impact’ of temperature on mortality (Doyon et al. 2008; Huang 
et al. 2012; Guest 1999; Martin et al. 2012; Martens 1998, Li et al. 2013). Since increases in 
heat-related mortality in New York are likely to be more substantial and unlikely to be offset by 
decreases in cold-related mortality (Li et al. 2013), we focused on heat-related mortality in this 
study.  
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A common approach for estimating future heat impacts on mortality involves combining 
historical temperature-mortality relationship at a given location with temperature projections 
from global-scale climate models. However, projecting heat-related mortality ideally requires 
consideration of population change and acclimatization in addition to future changes in climate 
(Huang et a. 2011). Population change and acclimatization may have an opposite influence on 
heat-related mortality. On one hand, a growing segment of the population will become at 
increased risk to the impacts of heat due to the demographic shift towards the elderly, leading to 
possible increases in heat-related mortality. Adaptation over time, on the other hand, could 
potentially decrease the number of future heat-related deaths.  
Although incorporating both population change and acclimatization is without a doubt important 
for improving the accuracy of long term projections, these factors are rarely considered due to 
insufficient understanding of the population acclimatization to heat as well limited availability of 
population data. Studies that have considered population change have often assumed constant 
population beyond 2025 or 2030 (Jackson et al.2010, Guest 1999). Dessai and colleagues (2003) 
apply the population growth rates from the corresponding SRES storylines (A1, A2, B1 and B2) 
to the 1990 population in deriving estimates of heat-related mortality in Lisbon until 2100. 
Several approaches have been implemented in studies that consider acclimatization to heat. 
Some studies have used temperature-mortality curves from ‘analogue cities’ that currently 
experience temperatures similar to those projected to occur in the future at a location of interest 
(Kalkstein and Greene 1997; Knowlton et al. 2007) or temperature-mortality curves from hotter 
‘analogue summers’ that have previously occurred in the same location (Hayhoe et al. 2004). 
Other studies have modeled acclimatization by developing scenarios for acclimatization to 
specific increase in temperatures over time (Gosling et al., Dessai et al.; Kalkstein et al 1997). 
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For example, Gosling and colleagues (2009) estimated that heat-related mortality could be 
reduced by up to 80% in Lisbon if acclimatization to 4°C takes place.  
Chapter II presented evidence that although no heat adaptation has taken place in in early part of 
the 20th century in New York City, substantial adaptation has occurred since the 1970s. Here, we 
start by developing scenarios of the potential future heat-related relationships based on the 
findings presented in Chapter II. Next, we develop scenarios for population change until the end 
of the 21st century. We conclude with calculating future heat-related deaths in the city by 
combining the developed temperature-mortality relationship and population scenarios with the 
downscaled temperature projections from the 33 global climate models and two Representative 
Concentration Pathways (RCPs) presented in Chapter III. 
VI.3 Materials and Methods  
VI.3.1 Temperature and Mortality Data 
Daily all-cause mortality data for all New York City counties:  New York County, Kings 
County, Queens County and Richmond County for New York for the periods between 1900 and 
1948 and 1973 and 2006 were used in the study.  The process of the data acquisition and 
preparation was described in detail in IV.3.1 (for the period 1900-1948) and IV.3.2 (for the 
period 1973-2006). Sources of temperature data were noted in IV.3.3. 
VI.3.2 Historical heat-mortality relationships 
The modeling approach utilized here was discussed in detail in IV.3.4.  However, while a lag of 5 
days was selected for the previous analysis of the historical temperature-mortality relationships 
in order to better capture the more pronounced mortality displacement during in the days 
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following exposure during the first half of the century, a lag of 3 days was selected for this study 
in order to focus on the immediate impact of heat on mortality. This choice is consistent 
rexposure in the recent decades. All models were developed using mean daily temperature and 
22 ˚C, corresponding to approximately the 80th percentile of annual temperature, was selected as 
a reference temperature for calculating relative risk.  All models were fitted using a quadratic 
spline with 4 degrees of freedom for temperature, a natural spline with 2 degrees of freedom for 
the lag, and controlling for seasonal and day of week effects.  
VI.3.3 Temperature Projections  
We obtained statistically downscaled future mean temperature projections from New York City 
for 33 global-scale general circulation models (GCMs) used in the Intergovernmental Panel on 
Climate Change (IPCC)’s Fifth Assessment Report (AR5), and two representative concentration 
pathways (RCPs), RCP 4.5 and 8.5. The RCP4.5 and RCP8.5 represent relatively low and high 
greenhouse gas projections, respectively.  The 66 synthetic future temperature projections for 
daily mean temperature from 2010 to 2099 are based on three 30-year time slices, defined as the 
2020s (2010 to 2039), 2050s (2040 to 2069) the 2080s (2070 to 2099). Methods were described 
in detail in V.3. GCMs, along with their originating institution and the model’s atmospheric 
resolution are presented in Table V.S1.  
VI.3.4 Population Projections 
A comprehensive set of population projections for New York State until 2040 along with a 
detailed methodology has been previously published by the Cornell Center for Applied 
Demographics (Vink 2009). Four new population scenarios were developed for this study to 
characterize possible population change pathways until the end of the 21st century. The four 
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scenarios were used in addition to a no population change in deriving assessments of future heat-
related mortality.  
Projections were developed by establishing a set of reasonable assumptions regarding the 
components of the basic demographic equation based on the Cohort-Component method (Smith 
et al. 2001): 
?????? ? ???? ? ?????? ??????? ????????, where:                                                      (VI.1) 
POP is the city population,  
B is the number of births 
D is the number of deaths 
NM is the net migration and equals in-migration minus out-migration 
The first Baseline scenario assumed that all parameters of the model will be kept constant. The 
second Decreased Mortality scenario assumed a decrease in mortality rates to 2/3 of the Census 
2010 values. The third Increased In-Migration scenario assumed that the growth of the domestic 
in-migration will be half of the growth of the US population and that the growth of the 
international in-migration is half of the growth of the projected international in-migration 
nationwide (from the Census 2010 projections). Finally an Increased Out-Migration scenario 
assumed that the rate of out-migration would increase by 25% over the projection period.  
VI.3.5 Projected heat-mortality relationships 
As discussed previously in IV.4, little adaptation to heat was observed in the first part of the 
century but rapid adaptation has occurred since the 1970s, most likely due to the increased access 
to air conditioning in recent years.  Since we do not have data from the 1950s and 1960s, we 
can’t verify the precise onset of the adaptation process. However, if access to air conditioning is 
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the major driving force behind heat adaptation, it is plausible to define three stages in the 
population response to heat: prior to the introduction of domestic air conditioning, during air 
conditioning penetration and after air conditioning penetration levels reach saturation. Since 84% 
of surveyed households in New York City in 2003 already had air conditioning in their homes, 
compared to only 39% in 1979, it is reasonable to assume that saturation levels will be reached in 
the near future (IV.5, U.S. Census Bureau 1978,2004) . However, air conditioning is unlikely the 
only factor influencing decreased sensitivity to heat and other factors, such as city level 
initiatives to reduce the public health impacts of heat play without a doubt an important role in 
the adaptation process.  Nonetheless, the analysis of historical data suggested that a three-stage 
model of adaptation in New York City is plausible.  
Future heat-related mortality relative risks at each degree ˚C were derived using the temperature-
specific relative risk estimates from the historical decades. Decade-specific temperature curves 
were linearly extrapolated for temperatures up to 41˚C, the highest projected temperature, using 
the last four points of each curve. We chose a sigmoid function to model the decadal change in 
the heat-mortality response   since it permits an accurate approximation of the three stages in the 
adaptation process: 
??????? ? ????? ? ???????????????????                                                                                          (VI.2) 
The initial level of temperature-specific relative risk (RRmax) was determined by selecting the 
mean relative risk form the first part of the 20th century, corresponding to the pre-adaptation part 
of the sigmoid curve. The RRrange was derived as the difference between the RRmax and 
RRmin, where RRmin is the minimal relative risk for a given temperature or the value to which 
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the sigmoidal curve converges. We developed two future adaptation scenarios: a scenario of high 
adaptation where RRmin was set to reach a value 80% lower compared to RR calculated at each 
degree C observed during the 2000s and a scenario of moderate adaptation where RRmin was set 
to be 20% lower compared to the RR calculated at each degree C observed during the 2000s. Y 
represents the first year of the study period and the steepness of the transition between the 
periods of no adaptation and complete adaptation is determined by the coefficient α. This 
coefficient as well as the half decay point of the curve defined by Yo, were subjected to nonlinear 
optimization using the data points for the last four decades. We are not proposing a scenario 
assuming 100% adaptation because sub-populations of vulnerable individuals without access to 
air conditioning or other means of heat relief are likely to continue to exist in the future and thus 
heat-related mortality may not be completely avoidable. 
VI.3.6 Projected heat-related deaths 
The approach to calculating heat-related mortality was similar to that presented in V.3. The derived 
temperature-specific relative risks were applied to the daily downscaled temperature projections 
until 2100. Future summer heat-related deaths for temperatures 25 °C and above were calculated 
for each future time period using daily downscaled temperature projections. However, baseline 
heat-related mortality was not characterized since the focus here was on modeling future impacts. 
Also, in addition to the constant temperature-specific relative risks at each temperature from the ‘No 
Adaptation’ scenario, we also used the relative risk estimates from the two adaptation models or the 
‘High Adaptation’ and ‘Low Adaptation’ scenarios. Finally, the five population scenarios described 
in VI.3.4, Constant Population, Baseline, Decreased Mortality, Increased In-Migration and 
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Increased Out-Migration, as well as the scenario-specific mortality rates were also used in 
calculating heat-related deaths using Equation V.3.  
VI.4 Results 
The five population scenarios developed for this study are illustrated in Figure VI.1 and the 
annual population projections along with the corresponding mortality rates are provided in the 
Supplemental Table VI.S.1.  
The temperature-specific mortality curves for NYC calculated according to the low and high 
adaptation scenarios are illustrated in Figures VI.2 and VI.3, respectively.  
Future deaths estimates varied greatly depending on the choice of demographics and adaptation 
scenario. To illustrate the influence of each both population change and heat adaptation, we used 
the median projected annual heat related-deaths across the 33 global climate models and the two 
RCPs in Figures VI.4 (for RCP4.5) and VI.5 (for RCP8.5). 
Projected heat-related mortality was lowest for the Constant Population scenario and highest for 
the Increased In-Migration scenario. Increasing levels of adaptation reduced the number of 
projected deaths substantially. Also, projections varied greatly by RCP.   
For instance, during the 2020s and under the RCP 4.5, the median number of heat-related deaths 
across the 33 GCMs was 370 for the Constant Population scenario and No Adaptation and 149 
for the same scenario with High Adaptation. For the same period and RCP 4.5, the number of 
projected deaths under the Increased In-Migration scenario was 497 with No Adaptation and 193 
for the same scenario with High Adaptation. By the 2080s and RCP 4.5, there were 733 
projected deaths for the Constant scenario without adaptation and 167 with High Adaptation. For 
the same period and RCP there were 1552 heat-related deaths without adaptation and 354 deaths 
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with High Adaptation projected under the Increased In-Migration scenario. The estimated 
median number of heat-related deaths across the 33 GCMs was substantially higher under RCP 
8.5.During the 2020s under the Constant population scenario, the number of deaths was 413 
without adaptation and 167 with High Adaptation. By the 2080s the number of deaths for this 
scenario were 1573 and 354 with No Adaptation and High Adaptation, respectively. During the 
2020s there were 546 projected deaths with No Adaptation and 214 with High Adaptation under 
the Increased In-Migration population scenario. By the 2080s, the number of projected deaths 
under the same scenario rose to 3331 with No Adaptation and 354 with High Adaptation.  
The median number of projected heat-related deaths across the 33 GCMs used during the 2020s, 
2050s and 2080s are summarized by RCP, adaptation scenario and population scenario in 
Supplemental Table VI.S.2. 
Figure VI.1. New York City population by 2100 calculated according the four population 
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Figure VI.2. Temperature-specific mortality curves for NYC, 1900-2100. Adaptation model 
assumes that temperature-specific relative risks will decrease by an additional 20% between 
2010 and 2100 compared to the 2000s 
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Figure VI.3 Temperature-specific mortality curves for NYC, 1900-2100. Adaptation model 
assumes that temperature-specific relative risks will decrease by an additional 80% between 
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Figure VI.4. Median annual projected heat-related deaths in New York City during the 2020s, 
2050s and 2080s across 33 global climate models (GCMs) and the RCP4.5 and according to the 
(a) no adaptation (b) moderate adaptation and (c) high adaptation scenario and the five 
demographics scenarios developed for this study. There were 638 deaths per year during the 
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Figure VI.5. Median annual projected heat-related deaths in New York City during the 2020s, 
2050s and 2080s across 33 global climate models (GCMs) and the RCP8.5 and according to the 
(a) no adaptation (b) moderate adaptation and (c) high adaptation scenario and the five 























































































125 | P a g e  
 
VI.5 Discussion 
Although heat adaptation and population change are recognized as important factors in 
characterizing future heat-related mortality, few studies have incorporated these factors into 
future mortality projections. On the one hand, location-specific population projections until 2100 
are generally not readily available and on the other, lack of long records of historical mortality 
data limit the development of comprehensive heat adaptation models. To address the first issue, 
we developed population scenarios that capture possible population trajectories between 2010 
and 2100. To address the second issue, we developed heat adaptation scenarios for the same 
period based on the findings from the historical analysis of temperature and mortality presented 
in IV.  We combined the developed population and heat adaptation scenarios with temperature 
projections from multiple GCMs and two RCPs in order to derive a comprehensive assessment 
for heat-related mortality until the end of the 21st century.  
Not surprisingly, future deaths estimates varied greatly by RCP, as well as by population change 
adaptation scenario. We found that the Constant Population scenario produced the lowest death 
estimates. Therefore, keeping population constant is likely to result in underestimating future 
heat-related deaths.  In contrast, the Increased In-Migration scenario produced the highest 
mortality estimates. This finding may be particularly relevant to estimating heat-related mortality 
in cities currently experiencing heat impacts and increasing urbanization and/or population 
growth. The choice of adaptation scenario affected the number of projected heat-related deaths 
substantially. Improved understanding of the historical and future adaptation to heat is necessary 
in order to refine projections. Nonetheless, the substantial reduction of heat-related mortality, 
particularly under the High Adaptation scenario provides evidence of the importance of public 
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policy measures leading to continuous heat adaptation.  For instance, median annual heat-related 
deaths calculated across all GCMs under RCP8.5 during the 2080s, were with 2527 less under 
the Increased In-Migration scenario with High Adaptation than under the same scenario without 
adaptation.  Finally, the number of median annual heat-related deaths calculated across all 
models under RCP8.5 was in many instances over twice as high as the number of deaths 
projected under PCP 4.5. This difference underlines the magnitude of the potential public health 
benefit associated with reducing greenhouse gas concentrations in the atmosphere. 
Both the heat adaptation and demographic scenarios have several limitations. First, our model of 
heat-related mortality over time was based on an empirical fit to historical data and extrapolation 
using a sigmoidal curve into the future.  We didn’t identify and incorporate causal factors like air 
conditioning use into the projection of future heat response. Future research focusing on 
characterizing the impact of heat over time among vulnerable populations would be particularly 
useful in improving the precision of the adaptation models. In addition, studies quantifying the 
impact of various public health interventions such as heat warning systems, cooling centers and 
other preventive measures on heat-related mortality would be particularly valuable for the further 
development of this work.  Another limitation is that decade-specific mortality vs. temperature 
curves were linearly extrapolated to high temperatures projected to occur under changing climate 
for which no historical mortality data exist.  Due to the non-linear response, this may 
underestimate mortality impacts at very high temperatures, particularly during the initial 
exposures of the populations to temperatures that have never occurred before.  Studies of 
mortality responses in non-acclimatized populations could be particularly useful in better 
characterizing heat impacts at very high temperatures. 
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The demographic models developed for this work made assumptions, which although 
reasonable, are based on historical trends that may or may not continue. Population projections 
are rarely developed beyond several decades, especially on a fine geographical scale. Given the 
increasing importance of projecting population health impacts under a changing climate, 
additional work focused on developing and validating long-term population projections will be 
of critical importance for improving the accuracy of projecting heat-related mortality and other 
health impacts.  Nevertheless, by including five different population projections, our study is 
among the first to examine sensitivity to this important assumption. 
Despite these limitations, the findings of this study provide new and important insights about the 
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VII SUMMARY AND FUTURE DIRECTIONS   
This work explored the historical and future heat-related mortality in New York City, addressing 
three major aims: 1) to characterize the relationship between heat and mortality relationship in 
the city from the beginning of the 20th century to the present and quantify possible changes over 
time; 2) to derive a comparative assessment of present and future heat–related mortality in New 
York City, Boston and Philadelphia under different climate change scenarios; 3) to derive an 
assessment of future heat-related mortality in New York City under various heat adaptation, 
population and climate change scenarios until the end of the 21st century.  
Chapter I examined the relationship between summer daily temperature and mortality in adults 
age 15 or older in New York City during two periods:  1900s to1940s and 1970s to 2000s, in 
order to quantify population adaptation to high temperatures over time. The presented study is 
the first to examine daily temperature effects in any large U.S. city over a period spanning more 
than a century, using modern statistical methods. Heat effects were found to be more pronounced 
in the first half of the century. Despite the substantial technological and lifestyle improvements 
that took place during this period, there was no decline in the population sensitivity to heat 
during this period.  There was, however, strong evidence for a difference of the heat effect 
between the first and the second part of the century. In addition, a substantial decline in the heat 
effect, indicating possible population adaptation to heat, took place since the 1970s.  The 
increasing prevalence of air conditioning may have played a major role in the observed decrease 
in population sensitivity to heat. The presented findings confirmed the initial hypothesis 
presented in III.1. Adaptation to heat, however, although gradual, did not start occurring until the 
second part of the century.  
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The findings presented in Chapter I provide a foundation for investigating several research 
questions. First, obtaining digital mortality records for the 1950s and 1960s and adding those 
missing decades to the analysis for New York City can provide an insight into the precise onset 
of the heat adaptation process.  Next, the historical analysis of heat-related mortality since the 
beginning of the 20th century may be expanded to other geographical areas in the United States 
and internationally. Given the substantial decline of population sensitivity to heat in the last 
decades, a multi-city study of population adaptation to heat in the second part of the century 
would be of particular relevance. For instance, such a multi-city study would allow 
characterizing adaptation to heat in the United States over time and may be helpful in informing 
nation-wide heat adaptation efforts. Nonetheless, expanding the analysis of heat-related mortality 
in the first half of the century to several other major U.S. cities would also be interesting. Such 
study may be able to provide a more definite answer of the question whether heat adaptation has 
occurred mostly in the second part of the century, following the massive adoption of air 
conditioning by U.S. households. In addition, the impact of increasing air conditioning use on 
greenhouse gas emissions is an important question that should be addressed in future studies. 
Despite the beneficial role of air conditioning for heat adaptation, quantifying the additional 
amount of greenhouse gases emitted as a result of air conditioning usage, their potential impacts 
on global warming and consequently health could provide a more comprehensive picture. 
An interesting area of future research may also involve utilizing the New York City historical 
heat wave mortality data in modeling potential impacts of heat in the event of future power 
outages or natural disasters in New York City during which the population may lose access to air 
conditioning for extended periods. For instance, New York City has not experienced a power 
outage occurring concurrently with a heat wave in recent history. Since air conditioning plays a 
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critical role in preventing heat-related mortality during heat wave episodes, an eventual power 
outage during a heat episode may take an unprecedented toll on mortality, particularly among 
vulnerable individuals in the city. Therefore, a study that examines the potential impacts of such 
an event would be valuable in heat emergency preparedness and response planning. 
Chapter II presented an assessment of the potential impacts of climate change on heat-related 
mortality in New York City compared to the other two major urban areas in the Northeast U.S.—
Boston and Philadelphia. The study utilized fine-spatial-resolution statistically downscaled 
projections from thirty-three climate models and two Representative Concentration Pathways 
(RCPs) developed for the Intergovernmental Panel on Climate Change (IPCC)’s Fifth 
Assessment Report (AR5).Two RCPs, RCP4.5 and RCP8.5, were chosen to  represent relatively 
low and high greenhouse gas projections, respectively. Heat-related mortality was more 
pronounced in New York City compared to Boston and Philadelphia. This finding is not entirely 
consistent with the initial hypothesis in III.I according to which heat effects were expected to be 
most pronounced in Boston where summers are the coolest, followed by New York City and 
finally Philadelphia, where summers are the hottest overall. Chapter II provided a discussion of 
the possible factors underlying the more pronounced heat effect in New York City. Additional 
studies exploring in greater detail how individual level vulnerability factors may influence heat-
related mortality across cities would be particularly important in advancing city- and nationwide 
heat-related mortality prevention in the United States and around the world.  
Another finding from the three cities study was that heat-related mortality rates per 100,000 of 
population during the baseline period were highest in Philadelphia followed by New York City 
and Boston but that projected heat-related mortality rates in the 2020s, 2050s and 2080s were 
highest in New York City, followed by Philadelphia and Boston. An important advantage of the 
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study was the utilization of temperature projections from multiple climate models which allowed 
better characterizing the uncertainly associated with climate change, as well as the new RCPs 
that reflect the latest advances in the field.  Expanding this analysis, along with the study of heat 
adaptation over time discussed previously, to more U.S. cities would allow a comparative 
assessment on a national scale that could be of important value to strengthening the nation’s 
capacity to meet one of the great public health challenges associated with climate change. 
Chapter II discussed the role of the underlying assumptions of temperature-specific relative risks, 
mortality rates and population on future heat-related mortality estimates. An important limitation 
of the study was the assumption of no heat adaptation, as well as constant population and 
mortality rates. In Chapter III, these limitations were addressed with the development of 
adaptation and population change models. Two heat adaptation scenarios, representing low and 
high adaptation to heat by the end of the century, respectively, were used along with a scenario 
assuming no further adaptation. The latter allowed the quantification of heat-related mortality 
due solely to climate change. In addition, four population scenarios were developed, reflecting 
various assumptions of mortality, migration and out-migration. The number of projected heat-
related deaths varied substantially by RCP, demographic and adaptation scenario. Further 
research, particularly in the fields of quantification of heat adaptation and development of 
population change scenarios will greatly facilitate the precision of projecting future heat impacts 
and understanding the effectiveness of various public health interventions. 
The work presented here has advanced our understanding of how heat has affected mortality in 
the City of New York since the beginning of the 20th century, and how, based on the historical 
relationship and the latest advances in climate science and demographics, the impact of heat on 
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mortality may evolve until the end of the 21th century. While many challenges remain to be 
addressed, this research provides a solid ground for future investigation.  
 
